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FLOWSHEETS AND SOURCE TERMS FOR RADIOACTIVE WASTE PROJECTIONS

W. L. Carter, C. W. Forsberg, and A. H. Kibbey

ABSTRACT

Flowsheets and source terms used to generate radioactive
waste projections in the Integrated Data Base (IDB) Program
are given. Volumes of each waste type generated per unit
product throughput have been determined for the following
facilities: uranium mining, UFg conversion, uranium enrich-
ment, fuel fabrication, boiling-water reactors (BWRs),
pressurized-water reactors (PWRs), and fuel reprocessing.
Source terms for DOE/defense wastes have been developed.
Expected wastes from typical decommissioning operations for
each facility type have been determined. All wastes are also
characterized by isotopic composition at time of generation
and by general chemical composition.

1. INTRODUCTION

The Integrated Data Base (IDB) Program at Oak Ridge National
Laboratory (ORNL) produces for the U.S. Department of Energy (DOE) the
official inventories and projections of radioactive waste and spent fuel
for the United States. These inventories and projections include both
commercial and government operations. Projections are made through the

year 2020. A summary report entitled Spent Fuel and Radioactive Waste

Inventories, Projections, and Characteristicsl is produced annually.

To produce such information requires two types of engineering
input: source terms and flowsheets. These inputs are described herein
as part of the documentation of the IDB Program and because such infor-
mation is usable by other programs and activities.

Many historical inventories are incomplete. In such cases, best
estimates of the missing information are made to provide current waste
inventories. Typically, the volumes of wastes are known, but the
radioisotopic compositions are unknown. Source terms describing such

wastes in curies per unit volume and the isotopic breakdown of a curie



by isotope have been developed for a variety of such wastes. The source
terms shown herein are based on engineering caléulations, limited
experimental data, and/or engineering judgment. Documentation is
provided on how the numbers were obtained.

For projection purposes, the amounts and characteristics of waste
produced per unit throughput of product at each type of nuclear facility
are required. These are provided herein for all major commercial power
reactor fuel cycle operations, for several types of power reaétors, for
several types of hospital and industrial faciiities, and for government
operations. When possible, waste estimates are based on industrial
experience.

Each of the following chapters discusses a different fuel cycle
operation or waste type. The level of detail varies significantly. If
good information was available from other referenceable sources, the
chapter includes onlyia brief summary of the available data and
appropriate references. If existing reference sources were out of date
or inadequate, the chapter describes in detail how the various source
terms and flowsheets were. derived.

Eachrchapter in this report is designed to stand alone, with its
own figures, tables, and references. This is a working document for
IDB, hence, it is organized to allow for ease of updating. In each
chapter, there is a section that summarizes the data and identifies
clearly the assumptions, source terms, and flowsheets used and recom—
mended by IDB for its inventory and projection work. In some chapters,
source terms and flowsheets from various contributors and organizations

are shown and compared.

‘1.1 RELATIONSHIP OF FLOWSHEETS TO COMMERCIAL NUCLEAR POWER FUEL CYCLE

The flowsheets herein describe the waste produced by each nuclear
fuel cycle facility on the basis of a unit feed input or product output
from that facility. . For example, Chaptef 5 on fuel fabrication gives
the waste produced per metric ton of uranium feed to fuel fabrication.

Wastes are not given on a per reactor or per unit of electricity basis

because the amount of fuel fabrication required depends upon reactor

type and utility operating procedures. When detailed waste projections




Table 1.1. Representative fuel cycle requirements
for power reactors

Requirements PWR BWR
Reactor capacity factor 0.65 0.65
Facility lifetime (year) 40 40
Uranium mill demand (MTIHM/GWe-year) 193.14 215.98
Uranium conversion demand (MTIHM/GWe-year) 180.6 201.9
Enrichment demand (SWU/GWe-year) 145,000 149,000
Fuel enrichment (% U-235) 3.20 2.70
Tails assay (% U-235) 0.20 0.20
Uranium fabrication demand (MTIHM/GWe-year) 31.0 41.6

are made, these factors are accounted for. Table 1.1 provides represen-
tative fuel cycle requirements for PWRs and BWRs. With (1) these
requirements, (2) the enclosed flowsheets, and (3) a projection of power
reactors, simplified waste projections of the commercial nuclear fuel

cycle can be made.

1.2 ADDITIONAL INFORMATION

Additional information on IDB inventory and projection reports,

computer codes, source terms, and flowsheets may be obtained from:

J. A. Klein, IDB Program Manager
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831
Phone: (615) 574-6823

(FTS) 624-6823

1.3 REFERENCES

1. U.S. Department of Energy, Spent Fuel and Radioactive Waste
Inventories, Projections, and Characteristics, DOE/RW-0006
(September 1984).







2. URANIUM MINING AND MILLING

A. H. Kibbey

2.1 SUMMARY

The residues that remain after U308 is extracted from uranium ore
are large-volume, low-activity wastes. The IDB attempts to predict the
annual generation rates and accumulations of these mill tailings through
the year 2020. Forecasts of domestic uranium requirements in the "most
likely"” case (forecast in 1982)1 are used as the basis for calculating
the mining/milling source term used in the IDB projections.

In the IDB, the DOE Energy Information Administration (EIA) nuclear
power projections (mid-case) together with a 2:1 ratio for PWR:BWR with
initial fuel enrichments of 3.2 and 2.7%, respectively,2 are used to
determine future fuel demand [i.e., the amount of 0308 (yellowcake) that
will be needed]. This, in turn, makes possible an estimate of the
amount of tailings that will be generated for a given ore assay and
U-recovery f.ac:t:or.:‘}_6 Allowance 1is made fdr any U308 produced by solu-
tion mining and as by-product from vanadium, copper, and phosphoric acid
manufacture,a—ﬁ since these industries do not generate new tailings.

The radionuclide distribution in mill tailings is based on the
present—-day fraction (0.00715) of 235y in natural uranium. One metric
ton (t) of uranium, as it exists today, is assumed to be the remains of
0.365 t of 235U and 1.850 t of 238y that were initially present when the
earth was "born” four billion years ago. This relationship between past
and present is derived using the radioactive decay equation, A = Aoe'lT,
for both 235U and 238U, where A is the current amount, A, is the initial
amount, A is the half-life of the isotope, and T is elapsed time. By
using ORIGENZ7 to calculate decay of the initial amounts of 235y and
238y for 4 x 109 years, the present abundance of decay daughters in
uranium ore can be ascertained. For a summary of the conditions that
comprise the IDB mill tailings source term, see Fig. 2.1 and Table 2.1.
All fuel demands are assumed to be filled solely by domestic production
facilities.



URANIUM ORE 1.0 (MTIHM)
ORE GRADE: 0.135 wt % U40g

i (EACH ISQOTOPE}/MTIHM
URANIUM SERIES: 3.309E-1

U-238  Th-230  Pb-214

Th-234 Ra-226 Bi-214
Pa-234m Rn-222 Po-214

U-234 Po-218 Pb-210
Bi-210 Po-210

TINIUM SERIES: E-

U-235 Ac-227 Rn-219
Th-231 Th-227 Po-216
Pa-231 Ra-223 Pb-211
Bi-211 TI-207

URAN{UM PRODUCT
{YELLOWCAKE)

ORNL DWG 84-278R

TAILINGS

[ ]

MINE/MILL
= COMPLEX

U30g RECOVERY
=93.1%

5.634 E+2 m3 PER
MTIHM

> ATMOSPHERIC

RELEASES

Fig. 2.1. Average uranium mill tailings source terms used for

projections (1983-2020).

Table 2.1. Fractions of elements in uranium ore that report
to mine/mill plant waste and product streams

Waste streams Product streama’b
Atmospheric Uranium
Element Tailings® releases (yellowcake)
Uranium 6.800E-2 1.0E-3 9.310E-1
Proctactinium 1.000E+0 0.0E+0 0.000E+0
Thorium 9.923E-1 8.0E-6 7.692E-3
Actinium 1.000E+0 0.0E+0 0.000E+0
Radon 9.000E~-1 1.0E-1 0 ..000E+0
Other 9.994E~1 6.0E-7 5.994E~4

9Includes yellowcake from solution mining and by-product U,0,.
Conventional mines/mills represent 75.7%Z of total production.

CAssume density = 1.6 t/m3.




2.2 CONVENTIONAL MINES/MILLS

Conventional underground and open-pit mine/mill complexes provide
~75-807% of all domestic U308 production. In general, the ores from
open-pit mines are of lower grade than those obtained from underground
mines (i.e., 0.1 vs ~0.15 wt 2 U 30> respectively), but openﬂpit mines
produce 52% of the uranium, while underground mines produce 482. The
ore assay and uranium recovery factors, which average ~93-94%, determine
the amount of tailings generated. A demsity of 1.6 t/m3 is assumed for
the tailings.

2.3 SOLUTION MINING

Solution mining (also called in situ mining) recovers U308 from
relatively low-grade ores (£0.1 to 0.105 wt 4 U308) by pumping acid or
alkaline leach solution through the ore body and processing the uranium-
laden solution in aboveground facilities. This mining method is
attractive because it does not produce mill tailings. While uranium
production by conventional methods has decreased significantly, solution
mining production has remained relatively steady. In 1979 solution
mining accounted for only 6—8%Z of the uranium produced,9 but currently
it represents ~11%. Potentially, as much as 16%Z of the total
0368 production in the United States could be done by solution miningo3

2.4 BY-PRODUCT RECOVERY

Recovery of U308 as a by-product of the vanadium, copper, and
phosphoric acid industries has remained essentially constant in recent
years.l"—6 With the decrease in conventional U production, the by-
product U 0 increased from ~5% of the total production in ].980—-19815"6
to over 9% in 1982.4 In the future it could represent as much as 10.5%

of the total U308 produced domesticallya2

2.5 GENERAL DISCUSSION

The uranium industry has been depressed since 1981 due to greater
foreign competition and to deferments and cancellations in nuclear power

plant construction. However, several new plants are expected to come




on-line in the late 1980s and early 1990s, which will cause a peak in
uranium production capacity in about 1990.3 After 1990 the decom-
missioning of some older plants will begin, and unless nuclear energy is
again accepted as a viable energy alternative, a continuing decline in
uranium production can be expected. In this discussion, the impact of
foreign imports (or exports) on U308 production has not been considered.
The detailed background information described in Sects. 2.2-2.4

is presented in Table 2.2.
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3. UFg CONVERSION

C. W. Forsberg

3.1 SUMMARY

Yellowcake received from uranium mine/mill facilities must be
purified and converted to UFg before undergoing uranium enrichment
operations. Two different processes are used. The fluorination/
fractionation process converts yellowcake to UFg and purifies the UFg
by distillation.l The solvent extraction—fluorimation process purifies
the uranium and then converts it to UFsoz The second process can also
produce purified uranium nitrate or oxide suitable for fuel fabricationm.
There are currently two commercial conversion facilities in the United
States — one of each type. Figures 3.1 and 3.2 illustrate waste and
product flows for these two processes, while Tables 3.1 and 3.2 give
typical compositions of waste and product streams for the two processes.
The fluorination/fractionation process produces well-defined waste
streams, but the solvent extraction—-fluorination process waste streams

are less defined (see Sect. 3.4).

3.2 CHARACTERISTICS OF YELLOWCAKE

The raw uranium concentrate from the uranium mills is called
yellowcake. Originally yellowcake referred to a U30Og concentrate pro-
duced by many mills; however, today the term is generically used to
refer to any uranium concentrate shipped from the mills. The chemical
compositions of these concentrates vary depending upon mill type, ore
type, and ore grade. Table 3.3 shows the typical chemical composition
of feed to a UFg conversion plant, while Table 3.4 lists the assumptions
used to generate the table. Table 3.5 shows the typical radionuclide
analysis of the feed to the UFg conversion plants.

A series of detailed studies on UFg conversion plantsl’2 used
yellowcake source terms which had relatively high concentrations of
thorium and radium. Because of recent changes in uranium mill opera-
tions, types of ore mined and sources of ore, current yellowcake has

lower levels of radionuclide impurities. Both old and new source terms
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ORNL DWG 83-490R
UFg . ATMOSPHERIC
PRODUCT RELEASE
WATER
> RELEASE
YELLOWCAKE DIRECT [ LLW-RADIOACTIVE ASH
ISOTOPE  Ci/MTIHM FLUORINATION | || LLW- ACTIVE AS
0-238 3309 x 10! UFg (0.0457 m3/ MTIHM)
Th-234 3.309 x10~! fp{ CONVERSION | g
Pa-234" 3 309 x 10! PLANT
U-234 . 3.309 x 10~ LLW-VANADIUM
Th-230 2.80x 10,3 — STILL PRODUCT
g 2 oxie (0.00152 m3/MTIHM)
Po-218 2.0 x 10~%
Pb-214 2.0 x 10~%
Bi-214 2.0x 10_-_: - CHEMICAL WASTES
AN 3l S (0.00633 m3/MTIHM)
Th-231 1.84 x 10-2
- FLUORIDE
SETTLING PONDS
(0.0617 m3/ MTIHM)

Fig. 3.1. Flowsheet for a direct fluorination/fractionation
process for conversion of yellowcake to UFg.

Table 3.1. Practional distribution of elements in plant waste and product streams
for a direct-fluorination UFg conversion plant
Waste streams -
Product stream
Vanadium Fluoride —————
] Atmospheric Water Radioactive still Chemical = settling Uranium
Element releasges releases ash product waste pond (UFg)
Uranium 2.50E-5 7.65E-5 3.51E-5 5.01E-4 1.00E-6 3.63E-5 9.9932E~1
Protactinium 3.30E-5 7.25E-6 1.00E+0 2.678-5 1.00E-6 3.63E-5 0.00
Radium 3.36E-5 1.14E-3 9.998~-1 2.68E-5 1.00E-6 5.88E-6 0.00
" Radon 3.228-5 5.00E-1 5.00E-1 0.00 0.00 0.00
Other 3.278-5 7.25E-6 1.00E+0 2.67E-5 1.00E-6 8.80E-6 0.00
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ORNL DWG 84-262

" UFg
YELLOWCAKE PRODUCT
ISOTOPE Ci/MTIHM
u-238 1309x10’: f
Th-234 3.309x10°
Pa-234™ 3,309 x 10~ SOLVENT
u-234 3.309 x 1071 EXTRACTION-
;h-gzg g.go x“;O; 3! FLUORINATION
a- O x -
UF
- - & 6
o222 2oxiond
Pb-214 2.0 x 1074 PLANT
Bi-214 2.0 x 10~9
Po-214 2.0 x 10-9
u-235 1.54 x 10~2
Th-231 1.54 x 1072
Fig. 3.2.

UFg conversion facility.

Table 3.2.

ATMOSPHERIC
> RELEASE
WATER
B RELEASE
LLW
1 (0.0595 m3/MTIHM)
|| CHEMiCAL wasTES
(0.0375 m3/MTIHM)

Flowsheet for a solvent extraction—-fluorination

Fractional distribution of elements in plant waste
and product streams for a solvent extraction-
fluorination UFg conversion plant

Product
Waste streams stream
Atmospheric Water Low-level Chemical Uranium
Element releases releases wastes wastes (UFg)
Uranium 1.35E-5 1.13E-9 2.54E~4 2.79E-5 9.997E-1
Protactinium 9.54E-6 6.54E-10 5.01E-1 2.79E-5 4.99E-1
Thorium 1.28E-5 1.15E-9 1.00E+0 2.50E-6 0.0
Other ~ 5.35E-6 1.15E-11 1.00E+0 2.25E-6 0.0
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Table 3.3. Chemical composition of yellowcake feed to
the model UFg conversion plant

(Assumptions listed in Table 3.4)

Concentration Quantity

Constituent of feed? (wt %) (t/year)
Uranium (U) 73.53 10,000

Impurities

Ammonium (NH,T) 3.09 322
Sodium (Na) 2.41 241
Silica (S10,) 1.2 120
Sulfate (8042') 2.94 294
Arsenic (As) 0.06 6

Boron (B) 0.003 0.3
Calcium (Ca) 0.19 19
Carbonate (0032') 0.31 31
Chloride, bromide, iodide? 0.07 7
Fluoride (F7) 0.01 1
Iron (Fe) 0.38 38
Molybdenum (Mo) 0.10 10
Phosphate (P0“3') 0.26 26
Potassium (K) 0.13 13
Vanadium (V) 0.12 12
Water (H50) 1.91 191
Extractable ogranics 0.05 5
Nitric acid-insoluble uranium 0.01 ‘ 1

9Laboratory analysis procedure based on chemical form in

parenthesis.
bCalculated as C1™.
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Table 3.4. Assumptions used in calculating feed to the model
yellowcake-to-UFg conversion plant ’

1. The feed is a composite of:

(a) 85% acid-leached yellowcake which has been precipitated by addition of
“ammonia and steam dried.

(b) 15% alkaline (carbonate)-leached yellowcake which has been precipitated with
sodium hydroxide and dried.

(c) The proportion of acid- vs alkaline-leached yellowcake was calculated from
the relative ore processing rates, based on a survey of active mills made in
the spring of 1973.¢

2. The acid-leached yellowcake is a partially cracked ammonium diuranmate. Half the
uranium is assumed to be present as (NH,),Up0; and the other half as U03. Its
chemical composition is:

U= 74.20 wt % (average of ammonium diuranate received at the Kerr-McGee
UFg plant in 1973)

Na = 0.85 wt Z on a U basis (average of ammonium diuranate received at the
Kerr-McGee UFg plant in 1973).0

NH,* = 3.63 wt Z on a U basis (calculated).

3. Alkaline (carbonate)-leached yellowcake 1is assumed to be NayU,0; with a chemical
composition of:

U = 69.80 wt Z. (Average of Na,U,07 received at the
Na = 11.3 wt Z on a U basis. Kerr-McGee UFg plant in l973.b)

4. Impurities other than radionuclides, sodium, ammonium, and silica are averages
from the cgrrent feeds to the Allied Chemiecal UFg plant,® the Kerr-McGee
UFg plant,” and the DOE-Fernald refinery.

5. The silica content 1s the average of values for four currently or recently active
mills (Anaconda, Uravan, Rifle, and Kerr-McGee).€

6. The model UFg plant processes only virgin yellowcake (matural uranium) from
United States mills ({.e., no recycle material from fuel reprocessing and no
foreign ore concentrates).

7. The feed composition containing "low” levels of 230Th and 225Ra impurities is
derived from recent data on the isotopic analysis of the feed to the Allied
Chemical Metropolis UFg product plant,f i.e.: :

230Th = 2800 p Ci per g of Upgt.
226Rg = 200 p Ci per g of Upge.

8. The yellowcake feed has aged in a sealed drum for 6 months (minimum) to 10 years
(maximum) since milling so that:

(a) Thorium=-234 (tls, = 24.1 d) and 23““?3'(ty§ = 1.18 min) daughters have grown
back to secular equilibrium with 238y, Thorium-234 tequires 168 4 co grow
back to 99% of secular equilibrium with 238y, Metastable 23“Pa requires
approximately 7 min to grow back to secular equilibirum with 23“Th, so that
it is in secular equilibrium with 23%Th at all times.
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Table 3.4 (continued)

8. (continued)

(b) The radioactivity due to the decay, since milling, of 234y ¢y 2307y
(ty§ = 8.3 x 10" years) and 235y (only 0.71% of natural uranium) is negligible.

(c) The radioactivity due to the decay, since milling, of the 230y impurity to
226p, (CLQ = 1.62 x 103 years) is negligible.

(d) The 222pn daughter (tip = 3.83 d) has grown back to secular equilibrium with
the 225Ra impurity. While the amount of 222Rn accumilating in the sealed drum
is small, radon is an inert gas and potentially all of it might be released
from the plant.

(e) The daughtar products of 222Rn are not listed individually as source terms,
either because they have half-lives <2 h and do not accumulate in the bio-
environment (218Po, 21“I’b, 21“31, and 21“?0) or because they individually
contribute <0.02% of the total relative hazard (210pp, 2103  and 210p,)y,

The daughters of 222Rn are included when the dose from radon release is
calculated. The relative hazard is estimated by dividing the curies present
in the yellowcake feed by the Radiation Concentration Guide for that radio-
nuclide (presented in Code of Federal Regulations, Title 10, Part 20, Appendix
B, Table 2, Column 1, soluble nuclide). It takes ~11.6 years for 210pp to
increase to a level where it contributes 0.02% of the total relative hazard.

9. Based on Ref. 1, Table 4.2.

aM. B. Sears, et al., Correlation of Radioactive Waste Treatment Costs and the
Environmental Impact of Waste Effluents in the Nuclear Fuel Cycle for Use in
Establish;gg,"As Low As Practicable” Guides — Milling of Uranium Ores, ORNL/TM-4903,
Vol. 1 (May 1975), p. 224.

bB. Brown (Plant Manager, Kerr-McGee Sequoyah UFg production facility) and
J. Craig (Engineering Manager), personal communication to M. B. Sears, Oct. 15, 1974.

CA. D. Riley (Plant Manager, Allied Chemical UF; plant) and J. H. Thomas
(Technical Superintendent), personal communication to M. B. Sears, Nov. 13, 1974.

dJ. Cavendish (Head, Production Technology Department, National Lead Company of
Ohio), personal communication to M. B. Sears, Nov. 12, 1974.

€e. . Lang, E. N. Nelson, and C. W. Kuhlman, A Process for Controlling Insoluble
Uranium in Ore Concentrates, MCW-1420, Mallinkrodt Chemical Works {(Feb. 2, 1959),
p. 13,

fM. B. Sears, et al., Correlation of Radioactive Waste Treatment Costs and the
Environmental Impact of Waste Effluents in the Nuclear Fuel Cycle — Conversion of

Yellowcake to Uranium Hexafluoride, Part I. The Fluorinatlion — Fractionation Process,
ORNL/NUREG/ TM-7 (Sept. 1977), pp. 271-72 and 278-80.
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Table 3.5. Radionuclide analysis of yellowcake

Source terms ¢ Source terms?

(C1/MTIHM) (C1i/MTIHM)
Radionuclide Currentb 01d°¢ Radionuclide Currentb 014¢
U-238 3.309E-1  3.309E-1 Po-218 2.0E-4 1.57E-3
“Th-234 3.309E-1 3.309E-1 Pb-214 2.0E-4 1.57E-3
Pa-234m% 3.309E-1 3.309E-1 Bi-214 2.0E~4 1.57E-3
U-234 3.309E-1  3.309E-1 Po-214 2.0E-4 1.57E-3
Th-230° 2.80E-3 1.42E-2 U-235 1.54E-2 1.54E-2
Ra-226" 2.0E~4 1.57E-3 Th-231 1.54E-2  1.54E-2
Rn-222 2.0E-4 1.57E-3

%The "old" (prior to July 10, 1974) definition of a curie of
natural uranium (Upat) is used in the rest of this chapter to be
consistent with literature sources. One curie of Upszt is the sum of
3.7E10 dis/s from 238U, plus 3.7E10 dis/s from 23%U, plus 9.0E8 dis/s
from 235U, Under the "old" definition, 1 kg of U,y is equivalent to
333.3 uCi of Un§§ or the sum of 333.3 uCi of 238y, 333.3 uCi of 234y,
and 8.1 uCi of SU. Under the "current” (July 10, 1974) definition,
1 kg of Upat is equivalent to 677.0 uCi of Upgt, or the sum of
330.9 uCi of 238y, 330.9 uCi of 234U, and 15.4 uCi of 235U. There is
approximately 1% difference between the "0ld" and the "current” curie
in calculating source terms, except for 235y, The new definition is
used in the Summary section of this chapter.

Based on Ref. 1, Table A-2.

CBased on Ref. 1, Table 4.2.

Metastable 23%4mpa, ty, = 1.18 min.

©The 230Th content is assumed to be 2800 pCi/g of Upat, based on
the weighted-average feed to the Allied Chemical Metropolis UFg Plant
in 1976, including “"high~thorium™ foreign concentrates.

fThe 226Ra content is assumed to be 200 pCi/g of Upat, based on
the calculated composite product of the domestic milling industry.
This is slightly higher than the weighted average of 172 pCi/g of
Upat for the Allied Chemical feed.
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are shown in Table 3.5. The new source terms are used in Figs. 3.1 and
3.2; but, the remainder of this chapter uses the old source terms, so

that the information is traceable to original literature sources. For
waste projection purposes, splits of radionuclides within the plant and
initial source terms are required. These parameters are unaffected by

use of two different source terms within this chapter.
3.3 YELLOWCAKE CONVERSION BY THE FLUORINATION/FRACTIONATION PROCESS

3.3.1 Introduction

Currently, more than half of the United States yellowcake is
converted to UFg by the fluorination/fractionation process. The single
commercial facility using this process is owned by Allied Chemical
Corporation and is located at Metropolis, Illinois. The flowsheets and
waste estimates included here are primarily from an NRC study by
M. S. Sears, et al.l That study used as a basis the Allied Chemical
general process flowsheet, but some of the details of the process may

differ.

3.3.2 Conversion Process

The yellowcake conversion process consists of four basic steps:

(NHy )2 U207hia;NH3(g) + 2U03(s) + Hp0 (g) Calcination (1)
U03(s) + Ha(g) + UO2(s) + H0(g) Reduction (2)
UO2(s) + 4HF + UF, + 2 Hy0(g) ' Hydrofluorination (3)
UF,(s) + Fy(g) » UFg(g) Fluorination (4

In addition to these steps, there are a variety of waste treatment
operations and other processes to handle various impurities in the feed.
Figure 3.3 illustrates the general flowsheet, while Fig. 3.4 shows the
detailed flowsheet. The detailed flowsheet is based on a plant with an
annual capacity of 10,000 t/year of uranium, assuming 300 d of operation

per year.
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3.3.3 Wastes Generated

The value of uranium is sufficiently high that a large number of
recycle streams exist in the real facility. This produces a large
number of waste streams. Tables 3.6 and 3.7 list the chemical wastes
released to the air and water, respectively, while Tables 3.8 and 3.9
1list the radwastes lost to the air and water. All of these releases are
low.

The process also produces three types of solid wastes, as shown in
Table 3.10. The primary radwaste from the process is the carbonate
leach ash from the carbonate leach and solid waste treatment section of
the process. This subsystem recovers uranium from solid wastes gener-—
ated within the plant. It is, in practice, a small uranium mill that
produces its own type of tailings. Most of the solid wastes for this
subsystem are generated in the fluorinator, which converts solid UF, to
volatile UFg. Since most ore impurities have nonvolatile fluorides,
this step produces an ash that contains nearly all the impurities found
in the original yellowcake. In practice, the ash is >90% CaF,. The
CaF, is added as a solid to the fluidized bed so impurities can collect
on its surface. If the impurity level becomes too high, the bed par-
ticles will cake. The CaF; throughput is determined by the need to
avoid bed caking and formation of low-melting uranium compounds. This
ash is leached to recover residual uranium, but most of the thorium,
radium, and other radionuclides stay with the ash. The ash waste is
dried, packaged, and sent to the burial grounds.

The second radwaste stream is the still tops and bottoms. After
the UFg is produced, it is further purified by distillation to separate
the volatile fluoride impurities from the UFg. Since distillation 1is
not perfect, some UFg is found in the impurity streams. The uranium
losses to these streams are estimated to be <0.05% of the uranium
processed. The major impurity is vanadium, whose value is sufficiently
high that these wastes are being stored omsite for possible future
recovery of vanadium. Most of the uranium loss will also be recovered
in that process. This study will not consider this a waste stream,
since the vanadium and uranium will probably be recovered; however, this

could become a future radwaste source.



22

Table 3.6. Airborne chemical wastes
from a model 10,000-t/year
fluorination/fractionation

UFg plant
Release rate
Chemicals? (kg/d)
NH3 ‘ 1796
S0, 590
HF | | 0.57

dBased on Ref. 1, Table 4.7.

Table 3.7. Liquid chemical waste releases
from the model 10,000-t/year
fluorination/fractionation

UFg plant
, Flow rate
Principal chemicals@sb;c,d (kg/d)
Carbonate (C0327) 5.22E1
Fluoride (F7) 9.53E0
Sulfate (S0,%7) 8.75E3
Ammonium (NH,) 2.77E3
Sodium (Na™) 6.35E2
Potassium (K*) 7.76E1
Uranium (U) 2.54E0

AHydronium (H30%, acid) and hydroxide (OH ,
base) ions not shown. Wastes are neutralized
before release.

bPresent .as sulfite (S032~), rather than
sulfate (8042’)-

CTotal liquid flow is 2.83E2 m3/d.

dBased on Ref. 1, Table 4.10.
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Table 3.9. Liquid radwaste releases from model 10,000-t /year
fluorination/fractionation UFg plant

| Average concentration

| Mpc4 Yearly release of liquids?

} Nuclide (uCi/mL) (Ci/year) | (uCi/mL)

UpatC 3.0E-5 2.55E-1 3.00E-6
234y 2.0E-5 9.17E-2 1.08E-6
234mp, d 3.0E-6 9.17E-2 1.08E-7
2301h 2.0E-6 - 1.03E-2 1.22E-8
226py 3.0E-8 1.80E-2 2.12E-7

AMaximum permissible concentration in water for general

populgtion, CFR 20, Appendix B, Table II.
Before dilution for release.

COne curie of natural uranium is defined as the sum of 3.7El0
dis/s from 238y, 3.7E10 dis/s from 23%U, and 9.0E8 dis/s from 235u;
it is also equivalent to 3000 kg of Upat-

Metastable 23%mpa, ty/2 = 1.18 min.
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The third and final source of waste from this process is the
fluoride settling pond in the liquid chemwaste treatment section of the
plant. A large variety of liquid fluoride waste streams are sent to
this pond where the insoluble fluorides, primarily CaF,, precipitate.
Very little uranium or other radiocactive materials reach this area. The
solids in the pond are treated as nonradioactive chemical wastes, |
because the levels of radioactivity are only slightly above background.
Recent changes in operating procedures allow the CaF, to be recycled to
the fluorine production units for fluorine recovery and elimination of a

potential hazardous chemical waste stream.

3.3.4 Wastes Generated Per Metric Ton of Uranium

Based on the above information, it is estimated that 111 kg of
wastes are generated per metric ton of uranium converted from U30g to
UFg. Assuming a density of 2.54 g/cm3 (80% theoretical density CaF,),
this indicates 0.05 m3 of wastes generated per metric ton of heavy
metal. The wastes, primarily calcium fluoride with other metal fluo-
rides, are only slightly soluble. The radicactive materials in the
wastes are almost entirely uranium daughter products, since uranium
losses in the process are very near zero. More than 99.95% of the ura-
nium in the yellowcake is shipped out as UFg, with the residual uranium
found in the distillation still tops and bottoms. Table 3.1 shows a

total plant balance of these various streams.
3.4 SOLVENT EXTRACTION-FLUORINATION PRODUCTION OF UFg

3.4.1 Introduction

The solvent extraction-fluorination process to produce UFg from
yellowcake was evaluated? to estimate radwaste generated by this
process. Significant uncertainty exists as to the quantities of wastes
generated by this process because many wastes are currently sent to
lagoons. Because of the chemical and radiological charactefistics of
these wastes, they will eventually have to be treated. Section 3.4.2
discusses the basic plant process. Section 3.4.3 discusses proposed
alternatives to treat the wastes, while Sect. 3.4.4 estimates the waste

volumes generated by these processes and the radionuclide contents of

the waste.

44
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3.4.2 Plant Process Flowsheet

The basic solvent extraction—fluorination process flowsheet for
conversion of yellowcake to purified UFg is shown in Fig. 3.5, with a
more-detailed version shown in Fig. 3.6.

The basic process comsists of six major unit operations and six
auxiliary operations. The major unit operations are:

1. Incoming yellowcake is dissolved in nitric acid to produce a
highly acidic uranium nitrate solution,‘

2. The uranium nitrate solution is sent to a solvent extraction
system for purification of the uranium nitrate. In the solvent
extraction facility, the high—acid uranium nitrate solution is
contacted with an organic solvent containing TBP, which selec-
tively extracts the uranium from the aqueous solution. This
high—-acid aqueous raffinate is discarded with most of the impuri-
ties from the original yellowcake. The organic, loaded with ura-
nium, is contacted with a low-acid aqueous solution that strips
.most of the uranium from the organic to the aqueous stream.

3. The aqueous stream containing the purified uranium nitrate is
dried to produce a solid uranium nitrate, which is then heated,
converting it to U30g.

4. The U30g is reduced with hydrogen to yield UO,. Some of this
U0y is used directly as reactor fuel.

5. The UOy.is reacted with HF in a fluidized bed to yield UF,.

6. The solid UF, is reacted with Fy in a fluidized bed to yield UFg,
the desired product.

3.4.3 Special Waste Problems

The primary waste stream from a solvent extraction-fluorination
facility is the extraction raffinate stream (from process step 2). This
single stream contains >997 of the radwaste from the facility. 1Its
treatment and handling determines the total waste produced by the
facility. Historically, this stream was generated as a nitric—acid-rich
aqueous stream, which was neutralized with ammonia to yield a waste
liquid rich in ammonium nitrate. These liquid wastes from government
UFg conversion plants were released to nearby waterways. When the first

commercial plant was belng designed, changing regulations prohibited
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release to nearby waterways because of the chemical toxicity of the
liquid waste. In the initial commercial plant (Kerr McGee),3 it was
proposed to use deep-well injectioh for disposal — an approach used for
other chemical wastes. While the plant was under construction, another
set of regulatory changes limited deep~well disposal. To ailow plant
operation, the wastes were stored in temporary lagoons. This was a tem-
porary fix and current plans for the Kerr McGee facility are discussed
below. There are many treatment optiomns, but it is not c¢lear which will
be chosen for future facilities. The choice of treatment and disposal
of this liquid waste will determine the waste volume from this fuel
cycle operation.

Lagoon disposal is a temporary solution for several reasons. The
ammonium nitrate in the wastes is extremely soluble; hence any leak from
a lagoon would immediately spill ammonium nitrate into surface water
streams. There are strict limits on allowable releases of ammonium
nitrate, since it is a fertilizer and causes algae blooms in water. The
radwastes in the lagoon must eventually be sent to burial grounds.
Unfortunately, these radionuclides are in the nitrate form, which makes
some of them very soluble. Also, ammonium nitrate is hygroscopic,
making it unlikely that the waste lagoons will ever dry out totally to
allow easy burial or solids handling.

Four options for the treatment of this nitrate waste stream are
discussed here. The total waste volumes generated by these options will
vary from zero to ~0.06 m3/metric tons initial heavy metal (MTIHM).

Cost and technical considerations will determine which option or options
are finally chosen.

The compositions and flow rates of the major liquid waste streams
to the lagoon are shown in Table 3.11. This is the "raw” material for
the waste disposal systems.

One option is to dispose of the wastes in lagoons, as in current
practice; but, for reasons discussed earlier, this is likely to be unac-
ceptable. Table 3.12 lists the primary solids precipitated by the
ammonia. Most of the radionuclides are in this precipitated sludge.

The second disposal option is to treat the wastes with calcium
hydroxide to precipitate the radionuclides and then drain the remaining
nitrate wastes to an acceptable chemical disposal site or use as ferti-

lizer. For this option to be used, barium salts can be added to the
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Table 3.11. Chemical composition of solvent
extraction waste streams

Solvent Solvent
extraction treatment Surplus
* Description raffinate? waste weak acid
Code 2R 2T 28
Volume, L/d 75,700 45,400 42,800
HNO3, M 1.26 0.26
OH™, M 0.04
Chemicals?, kg/d
Uranium 7.6 : 0.9
Nitrate (NO3~) SX additive 13,100 320 700
Ammonium (NH,T)
Yellowcake feed 1,070
SX additive 6 48
Sodium (Nat)
Yellow cake feed 800
SX additive ' 88 165
Aluminum (A13%) SX additive 230
Sulfate (50427)
.. Yellowcake feed 980
SX additive 16 127
Arsenic (As% . 20
; Calcium (Ca?™) 3
Chloride (C17) 23
. Fluoride (F7)
Yellowcake feed 3
Scrap recycle 53
Iron (Fe++) 130
Molybdenum (Mog- 33
Phosphate (P0O,°7) 87
Potassium (K)
Yellowcake feed 43
SX additive 54
Vanadium (V) 40
Silica (Si0») 400
Total 17,240

AThe raffinate may contain other chemicals in addition to those
listed, since UFg plants analyze only for substances that create
difficulties in the process operations.

bLaboratory analysis procedure based on chemical composition in
parenthesis.
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Table 3.12. Waste solids from solvent
extraction/fluorination raffinate
precipitation with ammoniaZ

Waste Quantity
solid (kg/d)
U - 8.0
A1(OH); ' 660
S10, 400
CaF, | 116
Fe(OH), 240

al0,000-t U/year facility operating
300 d/year.
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wastes. Barium sulfate then precipitates, carrying with it the radium
in solution. This coprecipitation step removes residual radionuclides
in the final liquor. The major technical uncertainty with this approach
is the trace quantities of chemically hazardous materials remaining in
the nitrate that might prohibit its use as a fertilizer. The chemical
composition of the precipitate so generated is shown in Tabie 3.13. All
the radionuclides to be disposed of would be in this precipitate.

The third waste disposal option is to use the acidic solvent
extraction wastes, add sulfuric acid, and distill the nitric acid from
the resulting solution for in-plant use. The residual sulfuric acid
solution is then neutralized with calcium hydroxide, yielding a waste
composed primarily of calcium sulfate. This is the approach Canada
uses,4 but the flowsheet has several restrictions. First, the
yellowcake must not contain ammonia. Ammonia in a solvent extraction-
fluorination plant will become ammonia nitrate, which could become
explosive in a nitric acid-sulfuric acid distillation. Since Canadian
uranium mills do not use ammonia, this presents no problem for Canadian
operations. Changes in United States mill operation would be required,
because most United States mills use ammonia to precipitate uranium.

The fourth waste disposal option is to take the neutralized radwaste
stream from the lagoon, as generated in option 1, concentrate it to near
the solubility limits of ammonium nitrate, and send the slurry to a
molten=salt incinerator. Figure 3.7 shows the flowsheet, while Table
3.14 summarizes the waste streams. The molten-salt incinerator is a
molten pot of sodium carbonate at about 900°C.5~7 At these tempera-
tures, ammonium nitrate is decomposed to nitrogen, water, and oxygen
while radionuclides are converted to thelr oxide form. For nitrate
wastes, some type of organic would also be added to add heat to the
system and maintain slightly reducing conditions in the incinerator to
avoid excessive NOy formation.

For this study, it was assumed that the evaporator concentrated the
nitrate solution to about 250 g NH,NO3 per 100 g of water. At 100°C,
the solubility of NH,NO; is about 871 g per 100 g of water; hence, the
nitrate is totally soluble. It is assumed that methanol is the fuel.

If methanol is added to reduce NOy; emissions to near zero via the reac-
tion below, sufficient heat is generated to maintain the required

temperatures.
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Table 3.13. Solids from solvent extraction/fluorination
raffinate precipitation with calcium hydroxided

Quantity Quantity

Solid (kg/d) -Solid (kg/d)
U | 7.3 CaF, 111
A1(OH) 3 660 Fe(oa)g 240
CaS0y°*2H,50 1450 CaMoO,, 70
BaSO, 190 CaHPO,, * 2H,0 140
$10, 400 Ca(V03), : 90
Ca3(AsOy)> 50 Ca(0H), 550

910,000-t U/year facility operating 300 d/year.
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Fig. 3.7. Molten-salt incineration of ammonium nitrate
waste from a UFg solvent extraction-fluorination facility.
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3NH1*N03 + CH30H » 8H20 + No, + COp

With operation, impurities build up in the salt. This necessitates
draining off a portion of the sodium carbonate with impurities and
replacing it with fresh sodium carbonate. The ash may be 80% sodium
carbonate, with the residual being uranium and impurities as they came
from the mill. Alkaline-leach uranium mills use sodium carbonate to
leach uranium ores, and the cost of sodium carbonate is a significant
expense in operating this type of mill. Using this disposal optiom, the
waste sodium carbonate with uranium and its impurities from the solvent
extraction-fluorination facility can be used as the chemical feed sodium
carbonate required by uranium mills. In effect, uranium impurities are
returned to the mill and the uranium is recovered.

This type of molten—salt incinerator can be used to burn combus-
tible solvents, paper, and other wastes. Thus, with this option, all
combustible wastes from the solvent extraction-fluorination facility

would be sent to the incinerator.

3.4.4 Waste Generation

Wastes from solvent extraction—fluorination plants can be cate-
gorized by volume or by radionuclide contents. The volume of wastes
depends upon the details of waste processing; however, the radionuclide
contents depend only upon the uranium feed to the facility. The wastes

discussed here are characterized by both approaches.

3.4.4.1 Radwaste composition

Yellowcake from uranium mills is carefully analyzed by all UFg
conversion facilities to detect impurities that cause operating problems
and to.determine the fee for conversion of yellowcake to UFg. Table
3.15 shows the quantities of radionuclides entering and leaving a typi-
cal solvent extraction-fluorination facility. Three facts stand out.
First, about 99.97% of the uranium entering the plant leaves as product
UFg. Second, 99.999% of all other radionuclides leave the facility in
the solvent extraction raffinate. Third, of the uranium lost-in the

facility, >90% is in the solvent extraction raffinate, with most of the

remaining losses due to the creation of dust in handling operations.
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3.4.4.2 Volume of solid wastes generated

The volume of radwastes generated depend primarily upon how the
solvent extraction raffinate stream is treated. About 83 m3 (four
hundred 55-gal drums) of contaminated (8.3 x 10~3 m3/ton uranium) trash
generated yearly;3 however, this is not the major waste stream in volume
- or radionuclide content. '

The number of impuritiés that enter with the yellowcake provide an
estimate of the minimum possible wastes that theoretically could be
generated.

The actual volume of solid wastes generated is determined by the
choice of treatment method chosen for the solvent extraction raffinate
stream. Table 3.16 summarizes the solid waste streams leaving a solvent
extraction-fluorination plant with various treatment options. The
radionuclide concentration of each stream is given for comparison with
the average radionuclide content of the earth's crust (to determine
whether a waste is to be considered radioactive). Molten-salt incinera-
tion produces the least solid waste (essentially none) by definition,
since the waste created is considered a chemical feed to alkaline-leach

uranium mills.

3.4.4.3 Current practice

At the only existing UFg conversion facility in the United
States?,10 using the solvent extraction—fluorination process, two dif-
ferent practices are being used for waste raffinate disposal. Based on
the results of these operations, either, both, or a new process may be
used for waste disposal. The state and federal regulatory agencies are
allowing limited use of the deep—well waste injection system associated
with the facility. Simultaneously, some of the raffinate is being
treated with barium salts and other materials to precipitate the
hazardous radionuclides and chemicals. This allows the ammonium nitrate

liquid waste to be used as fertilizers on controlled plots of land.

3.4.5 Recommended Flowsheets

The recommended flowsheet, shown in Fig. 3.2, is based on the raffi-
nate treatment in which the hazardous materials are precipitated and the
remaining ammonium nitrate is used as a fertilizer. If operational expe-

rience at the existing facility is good, this may be the preferred route.
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4. URANIUM ENRICHMENT
C. W. Forsberg

4.1 SUMMARY

Most nuclear reactors require fﬁel enriched in 235U, Naturally
occurring uranium contains only 0.711% 235y, while IWR reactors require
uranium with 2 to 4% 235U. This necessitates isotopically separating
the 2350 from 238U. Two separations processes, gaseous diffusion and
gas centrifuge, are currently used commercially. Both processes use
physical means for separation, so there is no change in the chemical
form of the uranium, UFS. This chapter describes the wastes from these
operations, including tails and uranium releases. Figure 4.1 and Table
4.1 summarize the process streams in a gaseous diffusion uranium enrich-
ment plant, while Fig. 4.2 and Table 4.2 present information for gas
centrifuge operations.

The capacity of uranium isotopic separation plants is measured by
separative work units, SWU. The SWUs required to make a batch of fuel
depends upon product, feed, and tails assay. This chapter will discuss
waste measurements on the basis of waste per SWU.

The feed to the uranium enrichment plant is natural uranium con-
taining 0.711% 235y, The plant divides this uranium into two streams,
one rich in 235U and one depleted in 235y, Typically, the enriched
stream may contain 3.0% 235U, while the depleted stream has 0.25Z.

Thus, 1 kg of natural uranium would yield 0.1676 kg of enriched 235y and
0.8324 kg of depleted 235y, The enriched uranium is sent to fuel fabri-
cation, and the uranium tails are stored as UF6 in cylinders at the
enrichment plant. The weight of the uranium tails is typically about
five times the weight of the product.

The tails may or may not be classified as waste. Currently, the
United States has a once-through fuel c¢ycle and under such conditionms,
the tails are a waste stream. They could be classified as a fuel,

however, if some type of breeder reactor were in use.
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1.0 sw | GASEOUS . DIFFUSION LOW-LEVEL WASTE .
et J Y ]
CAPACITY ENRICHMENT PLANT ™ (2,29 x 1075 a3/sWD)
ENRICHED UFg
PRODUCT * |
ég%meL“““a
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U=-235 1.538x1072 3.04 x 10 At existing facilities, waste volume is
3.11 x 1075 n3/SWU 1f waste from R&D efforts

Th-231  1.538x1072 1.25x10"10 s included.

Fig. 4.1. Principal waste and product streams from a
gaseous diffusion uranium enrichment plant.

Table 4.1. Fractional distribution of uranium and other elements
in exit process streams of a gaseous diffusion
uranium enrichment plant

Product and

. Waste streams tails streams
Water Atmospheric Uranium
Element LIW releases releases (UFg)
Uranium 4,.T4E-5 6.1E-6 1.4E-6 : 9.9994E-1
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(1.70 x 10™% a3/swu)

ENRICHED UFg
PRODUCT
LOW-LEVEL WASTE
UFg FEED ’
Isotope Ci/MTIHM g'mol/MTIHM | o GAS CENTRIFUSE
ENRICHMENT PLANT STACK GAS
U-238 3,309x10~} 4.17x103 ‘
Th-234  3.309x10"1 6.13x10-8 WATER
" -12 DEPLETED UFg
Pa-234  3.309x1071 1.77x10 TAILS
U-234 3,309x10~} 2.30x10"1
U-235 1.538x102 3.06 x 10!
Th-231 1.538x10™2 1.25x10~10
Fig. 4.2. Principal waste and product streams from a

gas centrifuge uranium enrichment plant.

Table 4.2. Fractional distribution of uranium and other elements
in exit process streams of a gas centrifuge
uranium enrichment plant
Product and
Waste streams tails streams
Water Atmospheric Uranium
Element LIW releases releases (UFg)
Uranium 9.54E-5 5.8E-7 1.7E-6 9.9994E~1
Other 9.77E-1 5.98=3 1.7E-2 0.0
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4.2 GASEOUS DIFFUSION FACILITIES

The major method of uranium isotopic separation in the United
States today is gaseous diffusion. It accounts for more than 99% of
current U.S. enrichment capacity, although future plants may use the gas
centrifuge process or the atomic vapor laser isotopic separation pro-
cess. Gaseous diffusion operates on the principle of molecular effu-
sion, using UFg in the gaseous state. No chemical reactions occur in
the process; hence this step of the fuel cycle produces less radioactive
wastes than any other process step.

The data reported in this section are based on the experience of
the Portsmouth Gaseous Diffusion Plant. This is one of the newer
gaseous diffusion plants. Environmental impact statements for a pro-
posed, but never built, gaseous diffusion add-on plant at this site con-
tain the most complete public information on current operations of the

existing plant.l

4.2.1 The Gaseous Diffusion Process

The gaseous diffusion process depends upon the physical phenomenon
known as molecular effusion. Uraqinm as UF6 gas flows into porous tubes
where half the gas exits the other end of the tubes, while the other
half flows through the walls of the porous tubes to a low-pressure
region outside. The 235UF6 molecules weigh less than the 238UF6 mole-
cules and hence travel faster in the gaseous phase. Because of this
higher velocity, the 235UF5 molecules will on the average strike the
barrier tube more often while traveling the length of the tube and thus
have a higher probability of going through a hole in the barrier. As a
consequence, the low-pressure gas outside the tubes is enriched.in
235UFG, and the gas exiting the tubes is depleted in 235UF6.

This separation process provides very little separation per stage,
so the process must be repeated about 1200 times in series to obtain
the appropriate uranium enrichment. Between each separation stage, the
low-pressure gas must be compressed to the operating pressure of the
next stage. Because the separation is a physical process using pure
UFg, no radioactive wastes are generated during operation. The only
wastes generated are a result of impurities in the process, plant main-

tenance, and decommissioning.
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4.2.2 Radioactive Waste Generation by Gaseous Diffusion

Figure 4.3 shows the general flows of radioactive wastes in a
gaseous diffusion plant. The main process generates no wastes directly;
all wastes are generated by auxiliary functions.

Gaseous diffusion plants operate at a negative air pressure for
safety. As a consequence of this, there is some leakage into the system
via compressor seals and other routes. Gaseous impurities are removed
from the main cascade by two gaseous diffusion purge cascades and vented
to the atmosphere through a combination of NaF and alumina traps. These
solid-bed traps remove residual UFg so only traces will escape the
plant. The alumina and NaF chemical traps are periodically replaced and
sent to the process facilities for uranium recovery and then to low-
level radioactive waste burial. If the alumina has sufficiently low
uranium content, it may be sent directly to burial. It is estimated
that 3,600 kg of these wastes are generated yearly. On the average, the
alumina contains 3 to 10 wtZ uranium when the chemical traps are
changed. About 75% of this uranium is recovered.

Plant maintenance is the major source of radioactive waste genera-
tion. Equipment to be removed from the cascade is first purged of UFg,
then decontaminated before maintenance work begins. Decontamination
procedures involve washing the equipment with water, nitric acid, and
various other cleaning agents. Decontamination solutions with signifi-
cant amounts of uranium are sent to uranium recovery while the other
waste streams are disposed of as listed in Table 4.3. As seen in Table
4.3, most of the uranium wastes are from cylinder-cleaning operations.
This uranium is in a highly dilute form.

The radiochemical wastes are treated in three facilities: the
incinerator, the uranium recovery facility, and the holding pond. The
incinerator processes about 23,000 kg per year of combustible wastes.
The ash from this treatment process is sent to uranium recovery.

All process solutions from decontamination operations that contain
significant amounts of uranium are sent to the uranium recovery
facility. This is essentially a small uranium mill combined with a
small UFg conversion facility. The uranium solutions are concentrated

by evaporation, purified by solvent extraction, further concentrated,
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dried, calcined, and converted to UFg. The UFg is reinjected into the
cascade. Table 4.4 summarizes the waste streams from this operation.

The final radioactive waste processing facility is the holding
pond. All waste streams that could contain uranium are sent to this
facility. The wastes are neutralized to pH 7.0 with Ca(OH),, which pre-
cipitates most heavy metals. The water from this holding pond is sent
for chromate removal before release to the environment; however, the
chromate removal facility is not considered part of the radiochemical
removal system.

A mass balance of materials entering and leaving the Portsmouth
Gaseous Diffusion Plant holding pond annually is shown in Table 4.5.
About 141.6 m3 of sludge are accumulated per year. Table 4.6 shows an
analysis of the sludge ponds at both the Portsmouth and Oak Ridge
gaseous diffusion plants. The differences in composition are due to
differences in operations with respect to (1) excess Ca(OH), added by
Oak Ridge and (2) the miscellaneous streams sent to the holding pond at
each facility.

4.2.3 Gaseous Diffusion Radioactive Waste Disposal

All radwastes from gaseous diffusion are disposed of in one of four
locations: water, the atmosphere, the regular burial ground, and the
classified burial ground. The two burial grounds will be treated as
one; however, detailed estimates of buried classified material have not
been made publiec.

Liquid releases are from two plant locations. About 10 kg of
uranium per year with short-term daughter products exits via the sewage
treatment plant. This is from laundry operations (Table 4.3). The
remainder of the liquid radwaste exits from the holding pond. The com-
position and quantity of liquid effluent from the holding pond is shown
in Table 4.7. ‘

Table 4.8 shows the estimated maximum annual gaseous releases of
radwaste from the Portsmouth Gaseous Diffusion Plant. No accurate
analytical techniques exist to measure such low releases. During the
lifetime of a gaseous diffusion plant, one or two accidents involving a
break of the UFg lines must be considered probable. 1In such a case, the

accident releases determine the total plant releases to the atmosphere.
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Table 4.6. Gaseous diffusion plant holding
pond sludge compositiond,0,C
Portsmouth Oak Ridge

Species (wt %) (wt %)
Aluminum >10 1.35
Calcium 4 34.95
Chloride 0.5
Chromium 0.2 0.003
Copper 0.6 0.006
Iron 3

Lead 0.01 0.005
Magnesium 2
Manganese 0.02 0.015
Molybdenum 0.003

Nickel 0.06 0.002
Phosphate 0.15
Potassium 0.197
Silicon >10 '
Silver 0.001

Sodium 0.3

Sulfate - 0.7
Tin 0.03

Titanium 1

Uranium 0.184 (200 ug/ml wt)
Vanadium 0.01

Zinc 0.1 0.006
Zirconium 0.005

ACalculated on a dry basis from 1974 and 1975 data.
Characteristics of Oak Ridge holding pond: 9.85;

conductivity (micromhos) = 192; solids (wt %) =
gravity = 3.2; and mean particle size (u) = 3.4.
CRefs. 1 and 2 of this Chapter.

Calculated from predicted operating conditions.

9.8; solid specific
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Table 4.7. Analysis of gaseous diffusion plant

holding pond effluent@,b

Chemical species

Average, ppm

Total phosphate
Total chromium (VI)
Zinc

Iron

Aluminum

Chloride

Nitrate

Sulfate

Fluoride

Uranium

pH

0.7

<0.02
0.1
0.1
6.6
67
2,300¢
184
720
1.8¢
7.1

9ata represent averages of continuous sampling

from 8/12/74 to 10/21/74.

stimated from operating data and predicted

uranium recovery rates.

CAnnual release rate = 4.0 x 107 kg/year.

Table 4.8. Estimated maximum annual releases
of gaseous radioactive wastes at a
gaseous diffusion plant

Release rate Annual emission?
Radionuclide (g/year) (Ci/year)
U-234 9.2 5.678 x 10™2
U-235 965.2 2.491 x 103
U-236 - 1.5 9.48 x 10~5
U-238 15,405.3 5.121 x 1073
Th-234 <<0.1 7.502 x 10~2
Pa-234m <<0.1 7.502 x 10™2

9No accurate analytical methods exist to measure such
low releases. ‘
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Solid radwaste production per year is given in Table 4.9. As seen,
holding pond sludge is the predominant source term by volume and kilo-
grams of uranium and uranium daughter product. All of the currently
operating gaseous diffusion plants have other types of facilities asso-
clated with them; hence, significant uncertainty exists in many cases on
how to proportion the waste volumes according to plant operationms.

Based on present calculation methods, the gaseous diffusion plant solid
wastes are 2.29 x 1075 m3/SWU. Actual waste production at the facili-
ties, including waste from large research programs on advanced isotopic
separation methods, is 3.1l x 1075 n3/SWU. The research programs
account for the difference.3

A simple block diagram of the facility is shown in Fig. 4.1. To
relate separative work units to kilograms of feed, it was assumed that
0.79 SWU was needed for every kilogram of uranium fuel to the plant.
This number is based on the following assumptions: two—-thirds of feed
to plant for PWR fuel, one-third of feed to plant for BWR fuel, tails
assay is 0.2Z, PWR product assay is 3.27 and BWR product assay is 2.7%.
This implies that each plant processes 11,400 t of uranium per year.

4.3 GAS CENTRIFUGE FACILITIES

All currently operating uranium enrichment plants in the United
States use the gaseous diffusion process; however, the new commercial
facilities under construction are based on the gas centrifuge process.
The gas centrifuge process has capital costs slightly higher than those
for gaseous diffusion, but it uses only 5% as much electricity. With
the increasing cost of electrical power, it is expected that the gas
centrifuge may become the predominant method of isotopic separation.
However, since no commercial gas centrifuge facility currently exists in
the United States, the estimates on waste volumes presented here are

inherently uncertain.

4.3.1 Gas Centrifuge Process

In the gas centrifuge process, gaseous UFg 1s sent through high-
speed centrifuges where the heavier 238UF5 settles to the walls of the
centrifuge and the lighter 235UF6 to the centrifuge center. A number of

centrifuges in series are needed to obtain reactor-grade uranium. The




Table 4.9. Annual solid radwaste production at
Portsmouth Gaseous Diffusion Plant

Uranium
Waste Volume Volume content
type (m3) (m3/swy) 4 (kg)
Sludge? , 141.6 1.57E-5 ~330
Solid wastes
Alumina® 1.78 2.00E-7 ~210
Maintenance operations 62.3 6.92E-6
Lab sludge trap 0.85 9.40E-8
Total 206.5. 2.29E-5 540

@Assumed plant production = 9 x 106 SWU. Waste production only
partially dependent upon production levels.

bSludge will probably be solidified; assume final volume identical
since sludge is primarily water, some of which can be removed in
solidification operatiouns.

CAlumina density assumed to be 3.99 g/cm3 (this includes void
fraction) which is 50% of theoretical density.
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output per centrifuge is low, therefore tens of thousands of machines
are required for a large facility.

A technical characteristic of the gas centrifuge important with
respect to waste management is that the separative capacity of a machine
increases by greater than the square of the outer velocity of the
centrifuge. As a consequence, the economics improve rapidly with
higher-speed machines. From an economic standpoint, the optimum produc-
tion method is to operate the machine at the very edge of its capabi-
lity, even though on the average each centrifuge will fail every few
years. The outer casings of the machines are designed to withstand
these catastrophic failures. The machines are rebuilt after failure,
bﬁt this rebuilding process and the high maintenancé directly and
indirectly associated with it may generate >99% of the wastes of this
fuel cycle step.

4.3.2 Waste Generation and Treatment in a Gas Centrifuge Plant

The flow of wastes in a gas centrifuge plant is shown in Fig. 4.4.
Failed components of the centrifuge plant are sent to maintenance, where
" equipment is decontaminated, repaired, and returned to service. Since
decontamination is not perfect, there is a significant flow of uranium
as a contaminant on machine parts between the plant and maintenance
shops.

The centrifuge plant generates only one significant form of waste
directly: contaminated alumina. The high-speed machines operate in a
vacuum maintained by a high-vacuum system. Some UFg enters this system,
is removed by the vacuum pumps and is trapped on alumina beds. The alu-
mina beds are sent for uranium recovery and then to solid disﬁosal. An
estimated 204 t per year of alumina are consumed in this way.

The machine maintenance facility generates a variety of wastes.
Table 4.10 lists the annual tonnage of various solid wastes generated by
an 8.75 x 108 swu facility. These waste projections are based upon
material flows through maintenance. The wastes are sent either to
burial or to the smelter for metal decontamination. Liquid wastes from
uranium decontamination operations are sent to the uranium recovery
facility. Combustible wastes such as towels, clothing, and blotter

paper are sent to the incinerator, with ash going to uranium recovery.
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Note that these waste flows are all projections, since no commercial
facilities currently exist in the United States.

The smelter is one of four waste treatment facilities required by
the gas centrifuge process. Metal decontamination by smelting and
fluxing are assumed to be identical to thoée operations used to decom~
mission gaseous diffusion facilities. It is also assumed that 0.1 kg of
low—-level waste (LIW) slag is generated per kilogram of metal decontami-
nated. No industrially proven aluminum decontamination procedure is
known to exist (uranium does not transfer from molten aluminum batch to
oxide slag, since the aluminum oxidizes before the uranium).

The incinerator will handle all combustible wastes. No estimates
of waste tonnages or volumes now exist. The quantities of ash should be
small compared to the wastes from maintenance and smelter operations.

The uranium recovery facility will remove economically recoverable
quantities of uranium from various aqueous decontamination streams and
will leach certain solids. It is, in effect, an in-plant uranium mill.
Table 4.11 summarizes the liquid input and output of the facility.

The settling pond is the fourth waste treatment facility needed.
All potentially contaminated streams are sent to this holding pond,
where the aqueous streams are neutralized to a pH of 6 to 8. At this pH
range, most radionuclides, including uranium, will precipitate. Table

4.12 gives data on the flows of liquids in and out of the settling pond.

4.3.3 Gas Centrifuge Waste Disposal

After treatment, all wastes are released to the atmosphere, the
water, or the burial ground. Water releases are through the holding
pond (Table 4.12 shows the expected chemical releases to the environ-
ment). Table 4.13 gives the corresponding radiochemical releases in
this liquid effluent.

Table 4.14 presents the data on the calculated radioactivity
releases to the atmosphere from a gas centrifuge plant. These releases
are basically from small leaks and the minute quantities of materials
that come through the various off-gas cleanup systems. As a practical
matter, chemical releases are of greater concern, since many fluoride-

containing gases are toxic.
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Table 4.11. Effluents from gas centrifuge enrichment
plant uranium recovery facility

Effluent quantity

Effluent (kg/week) (t/year)
Condensated
Water 56,000 2,900
Nitric acid 14 0.73
Uranium Trace Trace
Aluminum nitrate Trace Trace
Total condensate ~56,000 ~2,900

© Aqueous wastes)

Water 8,700 450
Nitric acid 1,300 70
Aluminum nitrate 1,600 80
Fluoride 20 1
Uranium (20-ppm) 0.127 0.0066
Total aquéous wastes ~11,600 ‘ ~600

Noncondensable off-gasc¢

Nitric oxides ~38 2
Uranium oxide dust Traced Traced
Total off-gas ~38 ~2

9Condensate from pre—evaporation flows into the facility
Wastes sent to the holding pond from the solvent extraction,
post—evaporation, and denitration process streams. Density = 1.19
kg/L. .
Coff-gas from treatment operations.
Scrubbing with concentrated HNO3 will be necessary to avoid
discharging UO3 dust to the atmosphere.
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Table 4.13. Estimated annual radiochemical releases
from the primary holding pond of a gas -
centrifuge enrichment plant

Released radioactivity

Isotope : (Ci/year)
U-234 2.71E-3
U-235 1.02E-4
Th-231 1.02E-4
U-238 2.18E-3
Th-234 2.18E-3
Pa-234 2.18E-3

Total 9.45E-3

Table 4.14. Estimated annual radiochemical
releases to the atmosphere from a gas
centrifuge enrichment plant?

Released radioactivity

Isotope (Ci/year)

U-234 | 6.4E~3

U-235 1.5E-3

Th-231 1.5E-3

U-238 6.4E-3

Th-234 6.4E-3

Pa-234 6.4E-3 .
Total ' '2,86E-2

@Transuranic alpha specification = 1500 dis/min/g
U.
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Table 4.15 lists the mass and radioactivity of solid wastes sent to
the burial grounds. A total of 3.4 x 10™"* t of solid, slightly radio-
active wastes is generated per SWU. - Density will vary according to the
waste type. Aluminum, a primary waste, has a density of 2.7 g/cm3. The
rotor wastes are classified, but since it must be made of a strong,
lightweight material, this suggests a bulk density of <2 g/cm3. The
slag wastes are primarily calcium oxide, with a density of ~3.3 g/emd;
however, there may be considerable air trapped within the slag.
Considering the above densities and imperfect packing, an average den-
sity of 2.0 g/cm3 was chosen. This allows us to calculate an average of
1.7 x 10~* m3 of waste produced per SWU. Using the same ground rule
assumptions applied to gaseous diffusion, the block flow diagram in Fig.
4.2 was created with a calculated 1.70 x 10~% m3 of wste per SWU.
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5. FRESH-FUEL FABRICATION
W. L. Carter

5.1 SUMMARY

Projections of the quantities and characteristics of waste produced .
in fabrication of fresh fuel for light-water reactors (LWRs) are
required in the Integrated Data Base (IDB) to assist in planning for
waste tréatment, transportation, and storage facilities. A study by
Pechin et al.l to establish "as low as practicable” guides for the
fabrication of enriched uranium fuel was the primary source of data
concerning waste generation. The generation rate is based on the con-
ventional ammonium diuranate (ADU) fabrication process, for which the
principal waste streams are shown in Fig. 5.1. Fabrication plant feed
is enriched uranium hexafluoride (UFg), which contains negligible
amounts of other elements. Table 5.1 gives the IDB recommended values
for fractional distribution of the uranium isotopes that are present in
feed material among the several waste streams and the product stream.

The waste generation rates shown in Fig. 5.1 are normalized for
1 metric ton of initial heavy metal (MTIHM) fed to the plant, and no
allowance is made for volume reduction of any stream except for the
incineration of combustible low-level waste (LIW). The waste streams
shown in Fig. 5.1 are the only designed discharges from the plant.

Water and gaseous releases are discharged continuously to the environ-
ment after they have been treated to meet environmental release cri-
teria. Lagoon waste, which is primarily calcium fluoride from the UFg
conversion, is»heldAto allow solids (CaF,) to settle, and eventually the
solids are disposed of as chemical waste. Nitrate waste is collected
and held in storage lagoons for eventual treatment to remove the nitrate

content by calcination and anaerobic digestion. Trash and incinerator

ash pose no particular environmental problems and are buried at licensed
LIW facilities.
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ORNL-DWG 83-492 R2

GASEOQUS DISCHARGE

(1.3 x 106 m3/MTIHM)

LLW-TRASH
(2.27 m3/MTIHM)

LAGOON
{0.30 m3/MTIHM)

WATER RELEASE
(80.20 m3/MTIHM)

NITRATE WASTE
(5.74 m3/MTIHM)

——
>
FUEL ELEMENT
(PRODUCT)
UFg
FEED,
1 MTIHM
_ FUEL
ISOTOPE >
s0T0 Gi/MTIHM  FABRICATION ™
U-234 1.707
u-235 6.531 X 10~2
u-238 3.261 X 10~1
ﬁ
S ——

LLW—ASH
{0.200 m3/MTIHM)

Fig. 5.1. Principal waste and product streams from a fresh
fuel fabrication facility. ‘

Table 5.1.

fuel fabrication plant wastes and products

Fractionation of uranium isotopes in feed among

Waste streams

Product stream

UFg Water Nitrate
feed Trash Lagoon releases wastes Ash Off-gas (Fuel element)
All uranium 2.8E-3 9.6E-4 4.9E-4 1.1E-4 1.0E-6 1.6E-6 9.95637E-1

isotopes
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5.2 PROCESS DESCRIPTION

The principal operationsz in the fabrication of fresh fuel for a
LWR from enriched uranium are shown in Fig. 5.2. This figure illus-
trates a powder-pellet process, employing a sequence of chemical and

mechanical steps.
5.2.1 Conversion

The conversion step of the fuel fabrication process transforms UFg
into ADU. First, the UFg is hydrolized to form uranyl fluoride (UO,F,)
which, in tura, is reacted with ammonium hydroxide to precipitate ammo-
nium diuranate [(NH4),U50]. The resulting ADU slurry is centrifuged to
separate most of the uranium, and the clarified effluent is sent to
waste treatment to recover additional uranium before the liquid is
released to the environment. Gaseous waste, which contains entrained
particles of uranium compounds and uranium decay products, is sent for

off-gas treatment.
5.2.2 Calcination

Ammonium diuranate is thermally decomposed to uranium trioxide
(UO3), and the UO3 is reduced with hydrogen to uranium dioxide (U0;)
powder at an elevated temperature. Ammonia gas, a byproduct in the
decomposition of ADU, is recovered in aqueous off-gas scrubbers, and the

scrubber liquid is combined with other waste streams for treatment.

5.2.3 Pellet Preparation

The UO, powder is milled to the required particle size, combined
with binders, pore formers, and press lubricant, and pressed into
cylindrical pellets. The pellets are sintered in a hydrogen atmosphere
to create a high-density product that is ground to specified dimensions.
Cover gas from these operations is filtered to recover U0, dust, which
is sent to scrap recovery, along with pellets that do not meet specifi-

cations.

5.2.4 Fuel Rod and Fuel Assembly Fabrication

The sintered and ground metal oxide pellets are loaded into a
Zircaloy tube that has been welded shut at one end. The necessary

plenum adjustment is made, and a slight positive pressure of helium is
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Fig. 5.2. Fuel fabrication by the conventional powder-

pellet process.
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applied before the tube is capped and welded shut. The appropriate
number of fuel rods is loaded into an assemblage of spacer grids and
control rod guides to form a square array. This assembly is then fitted
with the appropriate end pieces to facilitate handling and securing in
the reactor. Ventilation atmosphere from these operations'is filtered
to remove metal oxide dust and aerosols and then is released to the
surroundings; other waste consists of discarded materials that are used

in day-to-day operation.

5.3 WASTE STREAMS

The radioactivity of effluents from a fresh-fuel fabrication plant
arises from the contained uranium and its decay products. All effluent
streams are treated to recover the valuable uranium for recycle and to
lower the radioactivity of plant discharges to environmentally accep~
table levels. Waste treatment also recovers chemical reagents for
recycle. Principal waste streams from the plant are shown in Fig. 5.3.

Liquid wastes contain uranium in solution as well as suspended
oxide particles, and current practice is to provide retention time for
coalescence and settling. After settling, relatively clear supernate is
drained off and filtered. The bottom fraction, which is a liquid/solid
slurry, is centrifuged for additional solids concentration; these solids
are sent to scrap recovery to reclaim the uranium. Liquid from the
centrifuge is filtered with the supernate from the settling operation.

Gaseous waste streams from process vessels are passed through water
scrubbers and high-efficiency particulate air (HEPA) filters; the ven-
tilation gas is passed through roughing filters and HEPA filters.
Scrubber liquid is treated with other liquid waste streams, and spent

filters are discarded with other solid wastes.
5.3.1 LILW Trash

The items that generally make up the LIW trash?:3 at a fuel fabri-
cation facility are given in Table 5.2. The combustible fraction of
this trash may be ~857 of the total volume. Not all currently operating

fabrication plants have incinerators to reduce the volume of solid

waste, which must be packaged in drums or boxes and sent to a licensed
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Table 5.2. Items generally found in solid LLW
at a fuel fabrication plant

Combustible Noncombustible
Shoe covers Discarded eqipment
Paper wipes Piping
Plastic gloves Brick
Coveralls Wire
Smocks ' Metal
Waste paper Ceramic scrap
Filter components - Glassware
Plastic bags Discarded jigs and fixtures
Wood Metal pails

- 0il Insulation
Tools

- Data from J. W. Phillips et al., A Waste Handling
" Inventory Report for Reactor and Fuel Fabrication Facility

Waste, ONWI-20 NUS-3314, Sect. 4.4 (March 1979).
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burial'ground. A survey by the Office of Nuclear Waste Isolation3

(ONWI) of fabrication facilities in the United States indicates con- .
siderable variation among the plants in the quantities of solid waste

produced. An average value of 2.27 m3/MTIHM (80 ft3/MTIHM) for the

solid waste volume sent to burial grounds per plant was calcuiated, and

this value is being used in the IDB.

5.3.2 Lagoon Waste

Liquid effluent from the ADU process is aged 16 to 20 h to allow
additional (NH,),U,07 to settle. After filtration to recover the ADU,
lime is added to preéipitate the dissolved fluoride as CaF,. The slurry
flows to a lined lagoon to allow the CaF, to settle, and the supernate
overflows to an equalizing lagoon where it is combined with other liquid
waste. Overflow from the lined lagoon contains about 5 ppm uranium.

The CaF, solid is classified as chemical waste and is stored in the
lined lagoon. The average quantity produced is estimated to be
0.30 m3/MTIHM.

5.3.3 Nitrate Waste

Liquid streams that contain nitrate originate in processing the
off-specification U0, powder and pellets and in processing the scrap and
miscellaneous solids to reclaim uranium. The stream from recycled
powder and pellet processing is neutralized with lime to precipitate the -
remaining uranium, which is removed by filtration before the stream is
sent to a retention lagoon. Liquid waste from scrap recovery is
retained in the 'same lagoon. The volume of nitrate liquid waste 1is
estimated to be 5.74 m3/MTIHM.

5.3.4 Water Release

Treated aqueous streams that are released to the environment
include the ADU process waste, gas scrubber waste, and miscellaneous
water wastes from showers, laundry, iaboratories, gnd floor drains.
Miscellaneous liquid waste is treated only by filtration before being
combined with the other streams in an equalization lagoon from which the ~

overflow enters the environment. The combined aqueous release from a

fuel fabrication plant is estimated to be 80.2 m3/MTIHM.




5.3.5 LL¥W Ash

A significant portion of LLW trash generated at a fabrication plant
is combustible, and, at some plants, incineration is used to reduce the
solid waste volume. Incinerator ash is disposed of as LLW by shallow-
land burial. The estimated volume of ash is 0.20 m3/MTIHM.

5.3.6 Gaseous Discharge

The fuel fabrication plant discharges ~5.63 x 105 m3/MTIHM of
off-gas from process operations and ~7.34 x 105 m3/MTIHM from the
ventilation of process and work areas. Process gases are scrubbed and
filtered before discharge to the atmosphere, while ventilation gases are
filtered to ensure compliance with environmental regulations. The esti-
mated fraction of the uranium feed that is exhausted to the atmosphere

is 4.6 x 10~7 in process off-gas and 1.1 x 10~ in ventilation off-gas.

5.4 REFERENCES

1. W. H. Pechin et al., Correlation of Radioactive Waste Treatment
Costs and the Environmental Impact of Waste Effluents in the Nuclear
Fuel Cycle for Use in Establishing 'As Low As Practicable’ Guides —
Fabrication of Light-Water Reactor Fuel from Enriched Uranium
Dioxide, ORNL-TM-4902 (May 1975).

2. W. L. Carter and A. R. Olsen, An Evaluation of Fuel Fabrication and
the Back End of the Fuel Cycle for Light-Water- and Heavy-Water-
Cooled Nuclear Power Reactors, ORNL/TM-6685, Section 3 (June 1979).

3. J. W. Phillips et al., A Waste Inventory Report for Reactor and Fuel
Fabrication Facility Waste, ONWI-20 NUS-3314, Sect. 4.4 (March 1979).

4. Allied General Nuclear Services, Estimates of Waste Quantities
Generated by a Mixed Oxide (MOX) Fuel Fabrication Plant, 3132-FR-03
(December 1982).
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6. POWER REACTOR OPERATIONS
A. H. Kibbey

6.1 SUMMARY

Reactor wastes currently account for more than half of the radio-
active wastes shipped to commercial low-level waste burial grounds.
Source terms, used by the IDB for projecting the volume and radioactive
content of the typical waste streams from a generic PWR and BWR, are
estimated from operating datal_4 reported for 1978-1980 and from data
collected in selected surveys.s'_'7 The small, first-generation reactors
with <200 MWe installed capacity are excluded because their waste
generation and waste handling methods do not represent future trends.

The Nuclear Regulatory Commission (NRC) requires semiannual
reporting of the volume and radioactivity of all nuclear power plant
wastes shipped for commercial disposal: The waste categories defined by
the NRC are: wet, dry compactible, irradiated components and "other."8

- The wet Qastes generated from liquid stream cleanup are comprised
largely of spent ion-exchange resin beads, filter cartridges, filter

- sludges, and evaporator bottoms (concentrates). The dry wastes are
mostly compactible paper, cloth, plastics, glass, and rubber. Irradi-
ated components consist of such things as control rods, control rod
blades and channels, curtains, shrouds, fuel channels, and in-core
chambers. A small fraction is noncompactible material such as discarded
tools, wood, and concrete. These wastes, together with those that do
not fit into the above-mentioned categories, are classified as "other”
and may include discarded fuel racks, decontamination solutions, oils,
or contaminated soil. All such wastes are considered in the IDB to be
noncompactible. The wet wastes from PWRs are characteristically dif-
ferent from those of BWRs, as discussed in Sects. 6.2 and 6.3. Source
terms are given for a gemeric PWR and BWR in Figs. 6.1 and 6.2 and com-

panion Tables 6.1 and 6.2, respectively; these terms are normalized to

1 Mde-year installed capacity.
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ORNL DWG 85--493R4

0.7 MWe - year LLW - SPENT RESIN
NET PRODUCT (2.2574 E-2 m3/MWe - year
INSTALLED CAPACITY)

LLW - FILTER SLUDGE
! (8.1638 E-4 m3/MWe - year

1.0 MWe - year PRESSURIZED INSTALLED CAPACITY)
INSTALLED remeec——— WATER
CAPACITY REACTOR

LLW - FILTER CARTIDGES
gl (6.4086 E-3 m3/MWe - year
" INSTALLED CAPACITY)

Citite - vear OF LLW - EVAPORATOR BOTTOMS
ISOTOPE INSTALLED CAPACITY -
: s (3.4506 E- 1 m3/MWe - year

Mn-54 3.471E-2 INSTALLED CAPACITY)
Co-58 8.485 E-2
Co-60 2.160E-1 -

-131 3.471E-2
Cs-134 1.466 E-1 LLW - COMPACTIBLE TRASH
Cs-137 1.659 E-1 e (39132E-1m3/MWe - year
OTHER 8.871E-2 : ' INSTALLED CAPACITY)

LLW - NONCOMPACTIBLE TRASH
> (4.9300E - 2 m3/MWe - vear
INSTALLED CAPACITY)

Fig. 6.1. Flow diagram for normal operation of a pressurized-water
reactor power plant.

Table 6.1. Fractional distribution of elements among waste streams
.of a pressurized-water reactor power plaat

Waste streams (LLW)

Spent Filter Filter Evaporator Compactible Noncompactible
Element resin sludge cartridges bottoms trash trash
Manganese 6.25E-1 1.30E-2 3.39E-1 2.03E~-2 2.02E-3 1.04E-3
Cobalt 4.89E-1 1.83E-2 4.76E~1 7.51E-3 6.34E-3 3.25E-3
Cesium 9.03E-1 3.19E-3 8.30E-2 4.88E-3 4.12E~3 2.12E-3

Other 4.53E-1 1.34E-3 3.47E-2 4.85E-1 1.69E-2 8.68E-3
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ORNL DWG 83—494R3

0.7 MWe - year LLW - SPENT BEAD RESIN
NET PRODUCT S—— (5.190E -2 mS/MWe - year
: INSTALLED CAPACITY)

[ )

1.0 MWe - year LLW - FILTER SLUDGE
INSTALLED  |——w] BO!LING WATER (3.829E - 1 mS/MWe - year
CAPACITY REACTOR INSTALLED CAPACITY)

|

LLW - EVAPORATOR BOTTOMS

Ci/MWe - year OF > {2.343E-1 m3/MWe - year
ISOTOPE INSTALLED CAPACITY INSTALLED CAPACITY)
Mn-54 2570 E-1
Co-58 1.071 E-2 | B
Co-60 5.890 E-1

1 -131 1.071E-2 LLW - COMPACTIBLE TRASH

Cs-134 3856 E-1 E— (6.422E-1 m3/MWe - year
Cs-137 8.461 E-1 INSTALLED CAPACITY)
OTHER 4284 E-2.

LLW - NONCOMPACTIBLE TRASH
—— (9.340E-2 m3/MWe - year
INSTALLED CAPACITY)

Fig. 6.2. Flow diagram of normal operation of a boiling-water
reactor nuclear power plant.

Table 6.2. Fractional distribution of elements among waste streams
of a boiling-water reactor power plant

Waste streams (LIW)

Spent Filter Evaporator . Compactible Noncompactible

Element resin sludge bottoms trash trash

) Manganese 2.63E-2  9.39E-1 3.12g-2 2.23E-3 1.06E~-3
- Cobalt 7.038-2  8.71E-1  5.61E-2 1.85E-3 8.79E-4
Cesium 7.50E-1 1.60E~1 8.88E~-2 3.50E-4 1.66E-4

Other 4.17E-2 1.38E-1 8.12E-1 5.40E-3 2.56E-3
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6.2 PRESSURIZED-WATER REACTORS

To generate source terms for PWRs, the total net electricity
generation by all PWRs for 1978-1980 was compiled and expressed as net
MWe--year.1 This value was then converted to equivalent installed capa-
city, by dividing by an assumed 0.7 capacity factor. The total volume
and radioactivities for each type of PWR waste (wet, dry, irradiated
components, and .other) shipped during 1978-1980 were averaged, and
overall terms for volume and Ci/MWe-year installed capacity were calcu-
lated.

The wet wastes from PWRs are mostly solidified evaporator bottoms
containing borates. Spent filter cartridges are high-activity, low-
volume wastes that are peculiar to PWRs (not BWRs). An attempt was made
to designate the total wet wastes according to these waste streams:
spent resin, filter sludge, filter cartridges, and evaporator bottoms.
Based on, a survey of the uses of ion exchange at nuclear power plants5
a maximum volume fraction of the total wet waste was assigned to spent
resins. Using a previous solid radioactive waste survey as a basis,9 a
value of 0.785% of the total waste volume was assumed to be filters and
filter sludge. The sludge was assumed to be 0.1% of the total waste
volume, and the volume of solidified evapofator bottoms was then found
by difference.

The total radioactivity in a typical PWR waste was estimated from
values given in Ref. 6, and the radiocactivity distribution among the

various types of wastes was calculated from values given in Ref. 7.

6.3 BOILING-WATER REACTORS

The source terms for the various waste streams from a generic BWR
were derived by the same method described for a PWR (Sect. 6.2).
However, there are two distinct types of BWR (deep-bed and filter/
demineralizer),10 and characteristics of both types have been merged
proportionately to generate source terms for a single generic BWR on the
basis of electricity generated.

Each type of BWR has its own characteristic wet wastes. Deep-—bed

plants use regenerable ion-exchange resin beads for condensate cleanup;
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the regenerant solutions give rise evaporator bottoms that contain
sodium sulfate. Solidified evaporator bottoms are the major wet waste
at deep-bed plants.

The filter/demineraiizer BWR plants use powdered ion-exchange
resins (sometimes mixed with diatomaceous earth or other filter aid) to
precoat condensate filters. Because powdered resins are not regener-
ated, these plants rarely have evaporators, and powdered-resin filter
sludge is their main solid waste.

In both types of BWR plants, waste resins (bead and powdered) are
usually not incorporated into a solidification agent but are merely
dewatered prior to shipment for disposal. The information used for
determining the BWR source terms is from the same sources that were used

for the PWR.l-7
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7. REPROCESSING
W. L. Carter

7.1 SUMMARY

Projections of the quantities and characteristics of waste produced
in reprocessing irradiated commercial nuclear fuel are required in the
Integrated Data Base (IDB) to assist in planning for waste treatment,
transportation, and storage facilities. The published literature on
commercial fuel reprocessing was reviewed to assess state—of-the-art
knowledge on waste volumes from a repfocessing plant and the distri-
bution of heavy metal, fission, and activation products among waste and
product streams. The waste forms that are characterized are from a
plant that reprocesses irradiated IWR fuel to recover uranium as UFg
and plutonium as Pu0,. The waste forms are: solidified HLW, hulls/
hardware/fuel residue, TRU solids, LLW solids, stored krypton, fixed
iodine, fixed carbon-14, and gaseous effluent.

The purpose of this study was to evaluate data found in the litera-
ture in order to determine state—of-the-art values for reprocessing
plant waste volumes and waste stream characteristics for use in the IDB
program. The recommended waste volumes from a reprocessing plant, nor-
malized for one metric ton of heavy metal charged to the reactor (MTHM),
are shown on Fig. 7.1. The values are the as-produced volumes (except
for krypton storage); the volume of krypton is given for storage at 150
atm pressure (15.2 MPa). These streams are the only designed discharges
from the plant. Volumes of the respective waste containers and any
volume reduction due to additional treament, such as compaction or
incineration of TRU and/or LLW solids, have not been included in the
data.

Table 7.1 gives the recommended fractional distribution of elements
that are present in irradiated fuel among the several waste and product
streams of a fuel reprocessing plant. In most cases the literature data
were in reasonably good agreement on the partition of an element among
the several waste streams, and the choice of a recommended value was
straightforward. In cases of substantial disagreement, or where there

were no data, the experience of persons knowledgeable in reprocessing
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WASTE STREAMS

ATMOSPHERIC
RE(I.).EASE
(3.27 x 10° m3/MTHM)

KRYPTON STORAGE
(6.91 x 10°* m3/ MTHM)

URANIUM _ FIXED IODINE
PRODUCT "1 (0.0071 m3/MTHM)
(AS UFg) (0
X
| HULLS /HARDWARE
71 (0.410 m3/ MTHM )
IRRADIATED .| REPROCESSING PLANT |
FUEL o
{0.0893 m3/MTHM
WITH HIGH-GADOLINIUM
™ FLowske T
Y | 0.0768 m3/MTHM
WITH LOW-GADOLINIUM
PLUTONIUM | FLOWSHEET)
PRODUCT
{ AS Pu0,)
TRU SOLIDS
™ (1.044 m3/MTHM)
LLW SOLIDS
——

(1.247 m¥ MTHM)

'4c wasTE
™1 AS CaCO; SOLIDS
(0.001 m3/MTHM)

Fig. 7.1. Volumes of designed waste releases from an LWR
fuel reprocessing facility.
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chemistry of the Purex process was relied upon for the appropriate
amounts. Each value is the mass fraction of the element in the irra-
diated fuel that reports to the indicated waste or product stream.
These data are recommended for use as source terms in computing waste

stream characteristics for the IDB.

‘7.2 SOURCES OF WASTE CHARACTERIZATION DATA

The IDB annual report of 1983 contained data for volumes and
characteristics of wastes from a commercial fuel reprocessing plant.l
These data had not been updated for several years and had been obtained
from a study by Allied-General Nuclear Services (AGNS) for the operation
of the Barnwell Nuclear Fuel Plant (BNFP) and from estimates by the IDB
staff.2 A follow-on study by AGNS personnel revised portions of the
initial BNFP data.3 The two AGNS studies were oriented primarily toward
the determination of solid waste volumes and packaging requirements and,
to a lesser extent, toward a determination of waste stream charac-
teristics. However, a more comprehensive analysis was made of the
solidified high-level waste (HLW) and the off-gas released to the
atmosphere, giving estimates of the fractional releases of primary
fission products and heavy metals.3

Comprehensive studies¥® of the management of commercially
generated radioactive wastes were published in 1979 and 1980 to support
planning strategy for mined geologic repositories capable of accepting
spent fuel and waste from reprocessed fuel. The 1980 report5 analyzes
the significant environmental impacts that could occur if various tech-
nologies for management and disposal of high—-level and transuranic
wastes were developed and implemented. These reports utilize published
data resulting from nuclear reactor operations and defense waste manage-—
ment to quantitize and characterize various waste streams. The data of
these reports and the AGNS publications have been used to generate
recommended source terms (Fig. 7.1 and Table 7.1) for quantities and
characteristics of projected commercial wastes that can be expected from
the future fuel reprocessing schedule chosen by the IDB.

The characterized waste forms are from a Purex reprocessing plant
that receives and stores spent fuel, separates and partitions fissile

materials (U and Pu) and fission products, converts uranium to UFg for
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reenrichment, and converts plutonium to PuOz. The plant is also capable
of treating gaseous, liquid, and solid waste streams to convert these

wastes to forms acceptable for disposal.

7.3 WASTE STREAM VOLUMES AND DESCRIPTIONS

Reprocessing irradiated fuel produces waste streams that cannot be
released from the reprocessing facility without propér treatment and
packaging to prepare the waste for the chosen disposal option. The
long-lived highly radioactive waste (HLW) and the transuranic (TRU)
waste are immobilized and contained for long-term isolation from the
environment as in a mined repository. Other short-lived radioactive
waste (LIW) poses no substantial threat to the environment and may be
appropriatelylpackaged and confined at licensed shallow-land-burial
sites. The only designed release from a reprocessing plant to the
environment is the gaseous effluent that has been treated to remove
radiocactive and chemical contaminants to levels that meet existing
release criteria. Excess water is vaporized and released with the
gaseous effluent. ,

Volumes of the designed waste releases from a reprocessing plant,
normalized to one metric ton of heavy metal (MTHM) charged to the reac-
tor, are given in Table 7.2. Comparative values are shown from two
literature sources.3:® The data given are for the as-produced,
unpackaged volumes except the value for stored krypton, which is the
volume of the pressurized gas. Also, all volumes are for final waste
forms except liquid HLW, which is included for comparison with the final
solidified HLW. These literature values were reviewed to’determine the
recommended waste volumes for use in IDB calculations (as discussed in

Section 7.1 and given in Fig. 7.1).

7.3.1 Gaseous Effluent

The gaseous effluent is primarily air from process vessels, instru-
mentation, process cells, and the building ventilation system. Excess
process water is vaporized and exhausted in the gaseous effluent. The
process water is vaporized and exhausted in the gaseous effluent. The
principal radioactive contaminants are 3H, l"'C, 85Kr, 1291, 133Xe, and
very small concentrations of 106Ry and 137Cs. Entrainment may also

carry minute amounts of some fission product solids and heavy metals.
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Table 7.2. Data on waste stream unpackaged volumes

Volume,2 m3/MTHM

Waste stream BNFPD DOE/ET-0028°
Gaseous effluentd 3.27E6 3.21E6
Liquid HIW® 1.005 0.795
Solidified HIW 0.0893 0.0772
TRU solids (10 nCi/g bésis) 1.044 2.48
LLW solids 1.247 0.734
Hulls/hardware/fuel residue (TRU) 0.410 0.322
Stored krypton 6.91E~47 3.1E-39
Fixed iodine” 7.11E-3 3.3E-3
Fixed l%C z 1.0E-3
gAll volumes are as-produced except krypton.

Data source is Ref. 3.

“Data sources are Refs. 5 and 6.

Includes evaporated H;0.

®Includes aqueous raffinate from the first solvent extraction
cycle, plus concentrated intermediate-level liquid waste.

f&DB estimate for storage at 150 atm (15.2 MPa) pressure; BNFP
has no krypton removal from off-gas.

IKrypton stored 34 atm (3.44 MPa) pressure.

The BNFP value is for absorption of iodine in mercuric nitrate,
followed by fixation in cement; the DOE value is for adsorption on a
granulated solid impregnated with silver nitrate.

LBNFP has no l"*C removal from off-gas.
JReported as the volume of dried CaCOj.
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The off-gas is treated in a series of steps to remove the contaminants

to acceptable levels before dispersion in the atmosphere.

7.3.2 Solidified HLW

Aqueous raffinate from the first solvent extraction cycle is the
primary HLW stream. This stream is mixed with the concentrate from the
evaporation of other aqueous waste streams and fed to a calciner to
remove all liquid and transform chemical 'species to the respective metal
oxides. Borosilicate glass frié is mixed with the calcine, and the mix-
ture is vitrified in a vessel that becomes the waste disposal coﬂtainer.
The high temperatures of the calcination and vitrification steps expel
the gaseous fission products and some of the wvolatile metals (e.g.,
ruthenium), to the off-gas. Condensable liquids are separated from the
off-gas, which is then routed to off-gas treatment facilities. Certain
process chemicals (such as nitric acid) are recovered and recycled.

Conversion to glass reduces the volume of liquid waste by a factor
of 10 to 12. The volumes of solidified HLW shown in Table 7.2 are as—
produced values that would be contained in a disposal vessel that 1is

typically 30 em in diam by 3 m long.
7.3.3 TRU Solids

The values given in Table 7.2 for TRU waste are for solid material
that has not received treatment (such as compaction or incineration) to
reduce the volume. The waste consists of failed equipment, filters,
laboratory trash, cleanup materials, clothing, glassware, plastics,
rubber items, and general trash. Both the BNFP and DOE values are based
on the initial definition of TRU waste, which states that solids con-
taining >10 nCi/g of radioactivity, due to certain alpha-emitting
nuclides of long half-life and high specific radiotoxicity, shall be
designated as TRU waste. DOE Order 5820.2 has been issued to raise the
alpha~radioactivity criterion for TRU waste to >100 nCi/g for nuclides
having half-lives >20 years. The effect of DOE Order 5820.2 should be
to réduce the volume classified as TRU waste, and BNFP personnel3 have
estimated that the volume reduction will be ~26%. Of course, waste that

is removed from the TRU category reverts to the LLW category.
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7.3.4 LLW Solids

The types of materials that constitute LLW are the same as those
identified for TRU waste, and the volumes given in Table 7.2 are for
as—-produced waste. Volume reduction by compaction or incineration,
where practicable, is customarily carried out before disposal. The LIW
solids are not a serious threat to the environment and may be disposed

of by shallow-land burial at licensed burial grounds.

7.3.5 Hulls/Hardware/Fuel Residue

This waste material is the uncompacted fuel element hulls and
hardware, ‘as well as the residue of insolubles from the fuel element
dissolver. The waste, classified as TRU waste, is very radioactive from

beta-gamma emissions and TRU nuclide radioactivity.

7.3.6 Stored Krypton

The relafively long half-life (10.74 years) of %%°Kr makes it
advisable to remove krypton from plant off-gases before dispersal in the
atmosphere. A cryogenic process that removes krypton and xenon from the
off-gas 1s followed by fractionation to concentrate the kryptom for
pressurized storage (the mixture is ~80% Kr and 20% Xe). Krypton recov-
ery is ~90Z. A storage period of 50 years is usually considered to be

adequate for krypton, which may then be released to ﬁhe environment.

7.3.7 Fixed Iodine

Release of radiocactive iodine to the atmosphere presents a bio-
logical risk, since iodine can be taken up by the food chain and concen-
trated in the human thyroid. Normal spent-fuel decay periods are
sufficient to decay all iodine isotopes except 1291, which has a
16-million—year half-life. Iodine recovery from the off-gas can be
accomplished by aqueous scrubbing techniques or by adsorption on solids.
The BNFP data of Table 7.2 are for iodine removal by reaction with mer-
curic nitrate solution, followed by fixation in cement. The DOE data of
the same table are for adsorption of iodine on amorphous silicic acid

that has been impregnated with silver nitrate.

7.3.8 Fixed Carbon-14

Small quantities of 1%C (half-life = 5730 years) are produced
during fuel irradiation, primarily by neutron reaction with 14N that is
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present in fuel rods. During reprocessing, the isotope is converted to
l"‘COZ, which enters the off-gas stream. If exhausted to the atmosphere,
14C can enter the food chain via photosynthesis reactions. Several
processes may be used to remove 1L*COZ from the off-gas: absorption in a
lime slurry, absorption in a liquid fluorocarbon, or adsorption'on a
molecular sieve. Regardless of the method used to decontaminate the gas
stream, the most suitable means for for final disposal is fixation as
CaCO3. The DOE value for fixed 1%C shown in Table 7.2 is the estimated
volume of dried CaCOj.

7.4 LITERATURE SURVEY OF ELEMENT DISTRIBUTION IN WASTE STREAMS

Both AGNS and DOE studies3:2:6 were reviewed for data on the
distribution of heavy metals, fission products, structural metals, and
products among the several waste and product streams from a fuel repro-
cessing plant. These data are summarized in Table 7.3, which also
includes, for comparison, the values given in the 1983 IDB report.1
The waste streams are those that would be generated by a complete fuel
reprocessing plant that recovers uranium as UFg and plutonium as PuO;
and treats the liquid, solid, and gaseous waste streams for conversion
to forms that are acceptable for disposal.

Published data do not include a complete accounting of the final
disposition of every element present in spent fuel. Blank positions in
the table indicate there were no available data. All effluent streams
of a reprocessing plant are characterized by a computer model of the
plant. The model includes all elements present in spent fuel; hence,
when published data were not available, it was necessary to estimate
values in order to complete IDB calculations. The data shown in Table
7.3 were used to determine the IDB recommended distribution of heavy
metals, fission products, and structural materials among waste and

product streams, as discussed in Sect. 7.1 and listed in Table 7.1.

7.4.1 Solidified HLW

The solidified HLW contains >99% of the nonvolatile fission prod-

ucts and heavy metals (other than uranium and plutonium). A nominal

loss of uranium and plutonium to the waste is about 0.5 to 1.5%.
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7.4.2 Hulls/Hardware/Fuel Residue

Intimate contact between dissolved fuel and undissolved structural
components of thelfuel elements in the dissolver results in some occlu-
sion of fission products and heavy metals on the solids. About 0.05% of
the nonvolatile fission products and heavy metals are estimated to
remain with these solids. Tritium that accompanies the solid waste
(~15%) is believed to be present as a dissolved gas in the zirconium
cladding. All structural material in the fuel element leaves the plant

in this waste residue.
7.4.3 TRU Solids

The physical makeup of the TRU solid waste was discussed in Sect.
7.3.3. Most of the waste 1s disposable materials that have been con-
taminated in daily plant operation, with very small quantities of alpha-
emitting nuclides. Loss of fuel values in this waste is estimated to be
a few tenths of one percent, but fission product loss is generally two
to three orders of magnitude less. Most TRU waste requires only the

shielding that can be provided by the waste container.
7.4.4 LLW Solids

Low-level solid waste 1s physically similar to TRU solid waste, but
it does not require handling according to DOE Order 5820.2. The
fraction of the initially present spent-fuel fission products that accom-
panies the LLW solids is on the order 1075 to 10~8. The fraction of

uranium lost in this waste may be ~0.1%.

7.4.5 Fixed Iodine

More than 99% of the iodine initially in the spent fuel is esti-
mated to be recovered in off-gas treatment, with small amounts appearing
in the TRU solids, solidified HIW, and gases released to the atmosphere.
The treatment that removes lodine from the off-gas is highly selective,
so the fixed iodine waste is expected to contain negligible amounts of

other elements.

7.4.6 Stored Krypton

The principal concern with radioactive krypton (85Kr) is its world-

wide accumulation in the atmosphere. Cryogenic removal is employed to
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recover ~90%Z of the initial krypton, allowing the remainder to be
dispersed in the atmosphere. The recovery process also removes xenon,
but, since xenon presents no environmental hazard, it i1s fractionated
from the bulk of the krypton and released. Estimates are that only
~1.5% of\the initial xenon will be stored with the krypton.

7.4.7 Atmospheric Release

The gaséous effluent from a fuel reprocessing plant that treats
5 MTHM/day is estimated to be >16 x 10° m3 day, primarily air and water
vapor. The effluent includes the off-gases from process vessels, cell
ventilation, and building ventilation and is exhausted from a tall stack
after treatment by filtration and/or chemical methods, to ensure
compliance with release criteria. Even though the gases are thoroughly
treated, the:e is slight entrainment of fission product solids and heavy
metals that contributes to the estimated release of 10~1% to 10712 mass
fraction of some of these nuclides. The entrainment fraction for ura-
nium may be as much as 107> of the metal charged to the plant.

Neither the BNFP study3 nor the DOE study4 included tritium
removal, and the fraction released in the off-gas 1is estimated to be
~90%Z. Also, the BNFP is not designed to remove ll'COZ, and essentially
all of it 1is in the released off~gas.3 These studies3,4 show that as
much as 98.57% of the innocuous xenon may be released but only ~0.3% of

the iodine.

7.4.8 Recovered Uranium

Overall uranium recovery (as UFg) is expected to be ~99Z, and the
product contains only trace quantities of transuranic nuclides. There
may also be trace contamination from fission products such as zirconium,
niobium, ruthenium, and iodine. Uranium that is recovered from PWR fuel

is returned to a gaseous diffusion plant for reenrichment.

7.4.9 Plutonium Product

Overall plutonium recovery (as Pu0,) is estimated to be ~98.5%,
with only trace quantities of uranium and other heavy metals. Very
small amounts of fission product zirconium, niobium, ruthenium, and

iodine may also be present.
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8. NON-FUEL—CYCLE LOW-LEVEL WASTES
A. H. Kibbey

8.1 SUMMARY

In addition to the low-level radioactive wastes described in
Chapters 3-7, various other low-level wastes (LLW) are generated by
industries, institutions, and government agencies. These wastes, except
those arising from DOE/defense activities, are shipped to commercial
disposal sites.

The major portion (83% by volume)1 of the LLW that are not
associated with the nuclear fuel cycle originates at institutions such
as colleges, universities, hospitals, and clinics. These institutional
wastes can be categorized as bioresearch, medical, and nonbioresearch.2
About 2%, by volume, of the total waste sent for commercial disposal
arises from the activities of government agencies other than DOE.S’4
The remainder comes from various industrial sources (e.g., manufacture
of radiopharmaceuticals and radiochemicals). The bioresearch and medi-
cal wastes have low radioactivity levels. The bioresearch wastes from
animal studies usually contain long-lived, B-emitting nuciides. The
medical wastes generated in diagnostic and therapeutic procedures used
on humans generally contain short-lived nuclides that emit gamma rays.
The nonbioresearch and industrial wastes usually contain higher activity
levels of either fission products or induced activities with longer
half-lives. About half of the nonbioresearch waste stream occurs as
sealed source material that is not included in the IDB. Government
wastes are assumed to be similar to commercial wastes. The various
source terms for non-fuel—cycle wastes are shown in Fig. 8.1. A repre-
sentative composition for all the waste that has been commercially
buried to date was based on experience reported from the West Valley,
New York, LLW disposal site through 1972.5

decay and daughter in-growth calculations.6 This representative com—

ORIGEN2 was used to perform

position, presented in Table 8.1, is used to estimate current radio-

nuclide inventories and provides source terms for future projections.
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ORNL OWG 84 -400R3

NON:FUEL-CYCLE WASTE

VOLUME:
TOTAL WASTE VOLUME SHIPPED
TO COMMERCIAL BURIAL — {2%
OF TOTAL VOLUMED + FUEL CYCLE
WASTE VOLUMES)

RADIOACTIVITY:
TOTAL Ci SHIPPED TO COMMERCIAL
BURIAL — {3.35% OF TOTAL
CiP + TOTAL REACTOR WASTE Ci%)

INSTITUTIONAL WASTE

VOLUME = 83% OF NON-FUEL-CYCLE WASTE®
RADIOACTIVITY = 0.37% TOTAL Ci SHIPPED

WASTE STREAM'
BIQRESCARCH MEDICAL NONBIORESEARCH
© VOLUME %OF INSTITUTIONAL WASTE TOTAL:
79 7 14

Ci % OF MAJOR NUCLIDES:

R = =CY:

VOLUME = 17% OF NON- FUEL-CYCLE WASTE

RADIOACTIVITYS; 72.63% OF .
TOTAL Ci SHIPPED.  ~

Ci% OF MAJOR NUCLIDES:
c-14 0412
Cr-51 0.0023

Cs-137 8.127
H-3 99.05
1-125 0.0966
Ir-182 0.159
Kr-85 0.00775
Sr-90 0.00483
Zn-65 0.0242
OTHER 0.11622
ty2> 12y 99%
79.6 Ci/m3

H-3 % Tc-98m 61 H-3 82
1-125 " 1-13% 19 Cs-137 15
P-32 s Ga-67 7 1-125 1
C-14 4 Xe-133 5 C-14 >1
Cr-59 2 1-126 2 OTHERS <1
5-35 2 Ti-201 2
OTHERS 1 Se175 1
P-32 1
Cr-51 1
OTHERS 1
{0.22% OF TOTAL {0.02% OF TOTAL {0.13% OF TOTAL
Ci SHIPPED) Ci SHIPPED) Ci SHIPPED
ty9 > 60d:92% 13 <B8d:94% tyyp >12v:98%
0.063 Ci/m3 0.064 Ci/m3 0.061 Cifm3
{ACCELERATOR
TARGETS
EXCLUDED)

ajpgsume volume growth for institutional and industrial wastes of 3%
(1983-1990), 2Z (1991-2000), and 17 (2001-2020).
Represents government/military waste (calculated from values in Refs. 1

and 2).
Cgee Sects. 3—7.

dNatural, enriched, and depleted U activity (Ci) in waste from the front

end of the fuel cycle is neglected.

©From Ref. 3.
fFrom Ref. 4.

Fig. 8.1. Industrial and institutional wastes.
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Table 8.1. Representative values for nuclide
concentrations in waste at commercial
burial groundsa

_ Concentration
Nuclide (Ci/m3)
H-3 5.897E-2
c-14 2.900E-3
Cr-51 8.659E~2
Mn-54 9.932E~1
Co-58 1.271E+0
Fe-59 8.571E-3
Co-60 8.872E~1
Zn-65 3.323E-3
Sr-90  4.432E-1
Y-90 4.432E-1
Zr-95 5.446E-3
Nb=95 1.214E-2
Te-99 5.887E~-3
Sb-125 1.257E=-2
Te=125m 3.131E-3
Ru-106 2.740E-2
Rh-106 2.740E-2
Cs-134 6.773E-1
Cs-137 1.000E+0
Ba-137m 8.795E-1
Ce-144 6.291E-2
Pr-144 6.291E-2
Pm-147 2.573E~4
Sm-151 4.717E-4
Eu-152 3.860E-4
Eu-154 3.860E-4
Eu-155 2.573E-4
Ra-226 1.156E~4
Th-232 1.569E-5
U-235 1.817E-6
U-238 2.337E-3
Pu-238 ' 7.094E~1D
Pu-239 1.915E-3D
Am-241 3.603E~4

@Estimates based on values given in Ref. 5, Table
3.16, p. (343). The "Mixtures and Miscellaneous” category
was assumed to be induced-activity waste, and the remaining
activities (except for radium, the actinides, and "mixed
fission products”™) were considered to comprise "“Other"
waste. The commercially disposed waste was thus placed
into categories corresponding to those for DOE/defense
waste. The Ci distributions shown for similar DOE/defense
wastes (Table 8.4) were then applied.

bBarnwell's commercial burial ground has never
permitted burial of plutonium, so no Barnwell value is
included in this figure.
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8.2 INSTITUTIONAL WASTE

Of the three waste streams that comprise institutional waste, the
nonbloresearch stream (representing 14% of the institutional waste
volume) is the most varied in composition.2 These are largely wastes
from academic research and development programs and may include research
reactor wastes. About half of the nonbioresearch waste stream activity
is in the form of small-volume sealed sources or accelerator targets
which are not considered in the IDB.

A major portion of the medical waste stream is held onsite for
decay and then disposed of in municipal landfills or sewage systems.
The medical wastes that are shipped to burial normally contain very low
concentrations of short-lived yY—-emitters and represent about 7% of the
volume of institutional waste shipped.2

The largest volume fraction of the institutional waste (79%) arises
from in vivo bioresearch studies with animals.2 These studies require
sampling of body fluids and tissues over extended time periods. Rela-
tively long-lived, B-emitting nuclides such as 34 or l%C are especially
suitable for such studies because they are so physiologically active.
The B-analyses are normally done by a scintillation counting method in
which the sample is dissolved in an organic solvent (usually xylene or
toluene) containing a phosphor. These scintillation fluids, along with
other absorbed liquids, dry solids, biological wastes, and sealed
sources make up the institutional waste stream. The anticipated annual
growth rates7 for the institutional waste volumes needing disposal are:
for 1983-1990, 3%; for 1991—2000, 2%Z; and for 2001—2020, 1%.

8.3 NON-FUEL-CYCLE INDUSTRIAL WASTE

The volume and radioactivity of the non-fuel—cycle industrial waste
shipped to burial is obtained by difference. These wastes vary widely,
and only recently has an attempt been made to characterize them.8 It is
estimated that tritium is:the most significant radioactive species in
these industrial wastes (see Fig. 8.1). Other nuclides that are widely
used in the manufacture of radiopharmaceuticals (e.g., 1“C, 1251, 99%pc,

133Xe, etc.) and radiochemicals are also waste contributors. It is
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estimated that non-fuel—cycle industrial wastes account for <7% of the
total waste volume (but ~72.5%Z of the total curies) shipped to commer-
cial burial grounds. These industrial wastes include some sealed source
materials (e.g., 60co and 137Cs). The same growth rates were assumed.
for the non-fuel-cycle industrial wastes as for the institutional wastes
(Sect. 8.2). |

8.4 DOE/DEFENSE WASTE.

An inventory of DOE/defense, LILW buried at the various DOE sites is
maintained on a quarterly basis by EG&G Idaho (INEL).9 These DOE wastes
are of six types: uranium/thorium, fission product, induced activity,
tritium, alpha (<10 nCi/g), and "other”. Each site reports the total
volume and gross curies for each type of waste it buries. From this
information, it is possible to calculate an average volume fraction for
each waste type buried at the site and the corresponding activity frac-
tion for each (see Tables 8.2 and 8.3). An estimated, characteristic,
radionuclide composition is given for each type of waste (except
tritium) in Table 8.4 (Refs. 5, 10-12). The rationale is explained in
the footnotes. Tritium waste is assumed to contain only tritium. These
source term values are assumed to remain constant through the year 2020.
ORIGEN2 is used to calculate decay of the radionuclides in the wastes
from the time of burial to any chosen time in the future. This computer

code also calculates the heat generated in the waste due to radioactive

decay.
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- 9. DECONTAMINATION AND DECOMMISSIONING OF POWER REACTORS
AND ASSOCIATED FUEL CYCLE FACILITIES

C. W. Forsberg

9.1 SUMMARY

At the end of their useful lives, power reactors and associated
fuel cycle facilities must be decommissioned.  Table 9.1 shows the
quantities of radioactive waste expected from these operations for the
various fuel cycle facilities. Figures 9.1 and 9.2 illustrate diagra-
matically the distributions for the respective wastes from pressurized-
water reactor (PWR) and boiling-water reactor (BWR) decommissioning
operations.

Except for uranium enrichment plants and power reactors (Table
9.2), the volume and radioactivity of wastes from decommissioning are
small compared to those from normal operations. Consequently, discus-
sion in this chapter focuses on decommissioning of uranium enrichment
plants and power plants, with only brief coverage of decommissioning
wastes from other fuel cycle operations. In terms of total radioactive
waste from power plants and the associated fuel cycle (operations and
decommissioning), the only decommissioning activity generating signifi-
cant waste quantities is power plant decommissioning.

There are significant uncertainties in all estimates of decommis—
sioning wastes, because of variations in time between the end of normal
operations and decommissioning, the technology available, and the legai
constraints involved. The estimates reported here are conservative and
are based on current technology. Future waste volumes from decommis-
sioning could be as low as 20% of the volumes indicated herein. The
total radionuclide content of such wastes would not change.

Radionuclides decay over time; hence, there is an incentive to
delay decommissioning operations to allow radiation levels to decrease.
The quantities of radionuclides from decommissioning listed in this
chapter are those that existed at the time the facility was shut down.
Radiocactivity of nuclides in wastes shipped to disposal sites would

actually be lower, because of radioactive decay.
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Table 9.1. Wastes from decommissioning fuel cycle facilitiesda

Facility Typical Decommissioning
type capacity wastesb, m3 References
Uranium conversion® 10,000 MTIHM/year LIW: 1260 1

Uranium enrichment by
gaseous diffusion

Uranium enrichment by
gas centrifuge

Fuel fabrication

Reprocessing plant

8.75 x 10° swu

8.75 x 10° SwuU

1,000 MTIHM/year

1,500 MTIHM/year

(1,200 kg U)

LIW: 12,700

LL¥: 20,700

LIW: 1100 2
(150 kg U)

LIW: 3100 3
(4000 Ci)

TRU: 4600

(2.5 x 107 c1)

GpAssuming a 40-year lifetime for all facilities and a 75% capacity

factor for reactors.

olume of waste to disposal site, including packaging.
CDecommissioning data for solvent—extraction type of facility.
Operating data for direct—-fluorination facility. Operating wastes

include wastes in lagoons.

wastes.

Sludge not included in decommissioning
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ORNL DWG 85-398

LOW-LEVEL WASTE

1.51E+ 1 m®/MWI(e)
1.06E +2 Ci/MW(e)

PACKAGED WASTE VOLUME
TOTAL ACTIVITY

Waste Class

A B8 C
Volume, m®/MW(e)  1.49E+1  1.82E-1 1.45E-2
Activity, Ci/MWle)  3.22E+1 4.43E+1 2.92E+1

. Specific Activity, Ci/m>

C-14 0.0 . 0.0 0.0
Ni-59 4.7E-5 7.2€-3 5.5E-1
Nb-94 2.4€-8 5.2E-5 4.0E-3
Tc-99 0.0 0.0 0.0
Co-60 3.6E-1 7.7e+1 7.4E+2
Ni-63 5.7€-3 1.26+0 9.1E+1
Sr-90 4.9€-5 1.7€-3 0.0
Y-80 4.9E-5 1.7€-3 0.0
Cs-137 5.4E-2 2.1E+0 0.0
Ba-137m 5.1E-2 2.0e+0 0.0
A . T1:2<5 yr 1.7E+0 1.66+2 1.26+3

DECOMMISSIONING Total 2.2E+0 2.4E+2 2.0E+3

OF 1-MW(e) CAPACITY

OF PRESSURIZED

WATER REACTOR

(IMMEDIATE DECOMMISSIONING) GREATER THAN CLASS C LOW-LEVEL WASTE

1.136-1 m¥/MWie)
4.07E+ 3 Ci/MWIle)

Packaged Waste Volume
Total Activity

I

GREATER THAN CLASS C

Volume, m3/MWi(e) 1.13E-1

Activity, Ci/MW(e) 4.07E4+3

Specific Activity, Ci/m®

C-14 0.0
Ni-59 1.0E+1
Nb-94 7.2€-2
Tc-99 0.0
Co-60 1.3e+4
Ni-63 1.6E+3
Sr-90 0.0
Y-80 0.0

Cs-137 0.0
Ba-137m 0.0
T1y2<byr 2.2E+4
Total 3.6E+4

Fig. 9.1. Pressurized-water reactor decommissioning wastes per
1 MWe capacity.
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ORNL DWG 85-397

LOW-LEVEL WASTE

PACKAGED WASTE VOLUME = 1.64E+ 1 m3/MWile}
TOTAL ACTIVITY = 2.53E+2 Ci/MWle)

Waste Class
A B (o
Volume, m3/Mwie) 1.60E+ 1 3.23E-1 4.59€-2
Activity, Ci/MW(e) 1.11E+1 3.81E+1 2.04E+2
S Specific Activity, Ci/m>
C-14 2.6E-6 1.0E-3 1.7E-1
Ni-59 1.1E-5 6.4E-3 1.0E+0
Nb-94 2.2E-8 1.4E-5 2.5€-3
Tc-99 3.3E-8 3.2e-7 5.1E-5
Co-60 2.7€-1 4.0E+1 5.6E+2
Ni-63 1.6€-3 8.6E-1 1.4E+2
Sr-90 5.4E-4 5.1E-2 0.0
Y-90 5.4E-4 5.1E-2 0.0
Cs-137 2.5€-2 3.5e+0 0.0
Bai37m 2.4€-2 3.3e+0 0.0
T1/2<5 yr 3.8E-1 7.0+ 1 3.86+3
’ DECOMMISSIONING Total 6.9E-1 C1.2E+2 45E+3
OF 1-MWl(e)} CAPACITY
OF BOILING-
WATER REACTOR
(IMMEDIATE DECOMMISSIONING) GREATER THAN CLASS C LOW-LEVEL WASTE
Packaged Waste Volume = 4.07E-2 m3/MWi(e)
Total Activity = 5.30E+3 Ci/MW(e)
GREATER THAN CLASS C
Volume, m3/MWi(e} 4.07g-2
pm— Activity, Ci/MW(e) 5.30E+3
* Specific Activity, Ci/m?
Cc-14 5.0e+0
Ni-59 3.0E+1
Nb-94 7.1E-2
Tc-99 1.5E-3
Co-60 1.6e+4
Ni-63 4.2E+3
Sr-90 0.0
Y-90 0.0
Cs-137 0.0

Ba-137m 0.0
T12<6yr 1I1E+5
Total 1.3E+5

Fig. 9.2. Boiling-water reactor decommissioning wastes per 1 MWe
capacity.
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Most decommissioning wastes are radioactive because of surface
contamination. If better methods to decontaminate surfaces are found,
the volumes of radioactive decommissioning wastes would decrease
significantly.

Some of the "radioactive"” wastes discussed here may not be consid-~
ered radioactive wastes in the future. To date, the Nuclear Regulatory )
Commission (NRC) has not developed a standard to define what is radioac;
tive waste and what is not: i.e., a "de minimus” rule. Some wastes are
treated as radioactive if they came from a facility that has had radio-
active materials. If a definition of "what is radioactive?” is agreed
on and equipment is developed that can easily measure very low radioac-~

tivity levels, the waste volume from decommissioning can be reduced.

9.2 DECOMMISSIONING OF URANIUM CONVERSION, FUEL FABRICATION, AND
REPROCESSING FACILITIES

The wastes from decommissioning of uranium conversion, fuel fabri-~
cation, and reprocessing facilities are listed in Table 9.1. These
numbers are based on a series of decommissioning studies done by Pacific
Northwest Laboratory (PNL) for the NRC.1—3_

A common feature of these facilities is that the quantity of waste
from decommissioning is only a small fraction of the waste‘produced by
normal operations (Table 9.2); hence, uncertainties in decommissioning

volumes has little impact on total waste projections.
9.3 DECOMMISSIONING OF URANIUM ENRICHMENT FACILITIES

9.3.1 Introduction

No detailed studies of decommissioning of uranium enrichment plants
have been conducted, but some limited studies have been done on decom—
missioning of some components of uranium enrichment plants. Environ-—
mental Impact Statements (EIS) provide much of the basic information
needed to estimate decommissioning wastes for a facility. 1In the United
States, most uranium enrichment plants use the gaseous diffusion
process, but a gas centrifuge facility is currently under construction.

Both processes are discussed herein. A third method of uranium
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enrichment, the Atomic Vapor Laser Isotopic Separation (AVLIS) process,

is also being researched. It is not discussed here due to the lack of

information available and the uncertainties in the process.

9.3.2 Gaseous Diffusion Decommissioning Wastes

Estimates were made of the wastes generated by plant decommis-
sioning per separative work units (SWU) produced by the plant in its
operational lifetime. For these calculations, a plant lifetime of 40
years was assumed. Table 9.3 gives the results of these calculations.
The quantities of radioactive wastes shown in the table are based upon
the quantities of materials needed to construct an 8.75 x 108 sWU/year
gaseous diffusion add-on to the Portsmouth Gaseous Diffusion Plant.4

Under current regulations, any metal that has been in contact with
uranium is considered low-level radioactive waste. This results in some
unique situations. A piece of metal which has had contact with uranium
but has been decontaminated to perhaps l-ppm uranium is considered to be
low~level radioactive waste, while virgin metal with a few ppm uranium
from the natural iron ore is considered to be nonradioactive. Because
of this, new regulations are currently being written by the NRC to
define some numerical criteria for radioactive waste, such as a few ppm
uranium. For the calculations in this report, it is assumed that these
new regulations apply. )

Because of the high metal content of a gaseous diffusion plant, the
plant has considerable scrap value when decommissioned if the scrap can
be sold as clean scrap. Conventional decontamination procedures, such
as washing, cannot assure decontamination because of the difficulty of
measuring residual radioactivity left in cracks and crevices of the
metal. As a consequence, the only practical method for large-—scale
decontamination of uranium and daughter products is to smelt the metal
and remove the uranium with slag fluxing. The residual radioactivity of
the metal can then be easily determined with a single measurement. Both
laboratory~ and industrial-contaminated scrap smelting experience
exists.o"7

Experiments have shown that nickel, stainless steel, copper, and

iron can be easily decontaminated.’ For example, in 1958 (prior to the

NRC regulations), 5400 mt of ferrous scrap highly contaminated with
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Table 9.3. Radioactive decommissioning wastes from
a gaseous diffusion plant

Ratio of waste LIW slag LLW per unit

Decommissioning generated to produced product®
Material® waste treated? waste treated (t) (t/swu)
Steel 1.818E5 0.1 1.818E4 5.19E-5
Copper 4.909E3 0.1 4.909E2 1.40E-6
Aluminum 5.727E3 1.0 5.727E3 1.64E-5
Nickel 4.818E3 0.1 . 4.818E2 1.38E~6
Monel 3.730E2 0.1 2.727E1 7.79E-8
Fiberglass 5.591E2 1.0 5.591E2 1.60E-6
Concreted 0.0

Total 2.547E4 7.28E-5

AWaste materials are based on the materials needed for construction
of an 8.75E6 SWU add-on gaseous diffusion plant. t = metric ton.
DBased on decontamination by smelting; waste generated is slag from
melting furnace.
®Waste calculations are based on a 40-year plant lifetime.
Concrete excluded from waste calculations; surface decontamination
assumed sufficient.
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normal uranium was decontaminated by smelting to yield 550 mt of ingots
with less than 3 ppm uranium and a slag with 2.2% uranium. About 100 kg
of slag were generated per metric ton of metal.5 Uranium contamination
levels at gaseous diffusion plants are much less, hence better decon-
tamination should be possible. With current technology, as little as 20
kg of slag per ton of metal may be produced.8 For this study, the
proven, conservative estimate of 100 kg of slag per mt of metal will be
used.

Aluminum is the only metal that cannot be decontaminated by
smelting. Slag removes uranium from most molten metals because the
uranium is preferentially converted to the oxide form and transferred to
the oxide slag. However, aluminum will oxidize before uranium, hence
slagging is not effective. Currently, there i1s no proven, economically
viable aluminum decontamination procedure. Therefore, all aluminum is
considered low-level contaminated waste.

For this study, it is assumed that reinforced concrete can be fully
decontaminated. The concrete should never be in contact with the
uranium. Since the concrete is several feet thick to support the heavy
equipment in a facility, it is assumed that sandblasting or other sur-
face treatments will effectively remove all contamination. The concrete
does contain steel rebar, which is counted as part of the steel in the
plant. For calculation purposes, the conservative number used for slag
production plus the addition of this imbedded steel should more than
compensate for any uncounted wastes generated by concrete decontami-
nation procedures.

Using the quantities of slag generated per ton of metal decontami-
nated, we have calculated the metric tons of waste generated by decom-
missioning (column 4 in Table 9.3). A total of 7.28 x 10=5 t of
low—-level contaminated waste per SWU will be generated by plant decom-
missioning.

To determine waste volumes, some estimate of waste density is
required. The slag is primarily Ca0, with a density of 3.3 g/cm3. The
aluminum metal has a density of 2.7 g/cm3. The actual density of the
aluminum and fiberglass insulation depends upon how powerful a press is

used to consolidate the wastes. An estimated density of 2.0 g/cm3 is
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used for these calculations, yielding a calculated waste volume of

3.64 x 105 p3 per SWU from decommissioning operations.

9.3.3 Gas Centrifuge Decommissioning Wastes

Estimates were made of gas centrifuge facility wastes generated by
decommissioning per SWU produced during the plant’s lifetime, based on
information from the EIS.9 The results of these calculations are shown
in Table 9.4. The plant is assumed to have a 40-year lifetime. The
same methods of decontamination proposed for gaseous diffusion facili-
ties are assumed here, and again the waste estimates are based upon the
weights of materials used to construct the plant. Note that for decon-
taminated metals, the waste quantity is the weight of slag generated by
smelter decontamination operations. It was assumed that all aluminum
was discarded as LIW, since no methods currently are available to decon-
taminate the aluminum.

The calculations show that ~1.18 x 10~* t of wastes are generated
by decommissioning per SWU produced. About haif of these wastes are
uranium-containing slag mixtures. With special furnaces, the quantity
of slag might be reduced by as much as a factor of 5. The slags contain
primarily calcium oxide with a density of 3.3 g/cm3d, which, in the pre-
sence of air, slowly converts to calcium carbonate with a density of 2.7
g/em3. About half of these wastes are scrap aluminum that cannot econo-
mically be decontaminated. Most of the aluminum is in the form of small
aluminum tubing, which can be crushed for waste disposal. An estimated
density of 2 g/cm3 is used for the total waste, yielding 5.9 x 10=5 p3

of waste per SWU from decommissioning.

9.4 POWER REACTOR DECOMMISSIONING

At the end of their useful lives, reactors must be decommissioned.
Since reactor decommissioning will produce >90% of the volume and
radioactivity of wastes from decommissioning operations in the entire
fuel cycle, detailed studies have been made.l0,11 4 summary of the
results of these studies is given in this document. All calculations
are based on reactor decommissioning after 40 years of operation, with

30 full-power equivalent years of operation.

-
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Table 9.4. Radioactive wastes from decommissioning
a gas centrifuge plant

Decommissioning Ratio of waste LIW . LIW per unit
waste treated? generated to producedb product®
Materiald (t) waste treated? (t) (t/sWU)
Steel 209,000 0.1 20,909 5.97E-5
Aluminum 20,000 1.0 20,000 5.71E=5
Copper 3,909 0.1 ' 391 1.11E-6
~ Zinc 169 0.1 17 4.86E-8
Concreted
Total ZI:;;; 1.18E-4

OQWaste materials are based on the materials needed for construc-
tion of a facility with capacity of 8.75E6 SWU/year. t = metric tom.
bBased on decontamination by smelting; waste generated is slag
from melting furnace, except for aluminum which cannot be treated.
CCalculations based on a 40-year plant lifetime.
Concrete excluded from waste calculations; surface decontami-
nation assumed sufficient.
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The wastes from reactor decommissioning can be categorized by
source, type, and radionuclide composition. The radioactive materials
found in a reactor decommissioning operation come from two sources. In
and near the reactor core, components are bombarded with neutrons from
the reactor, causing some materials to become radioactive. Items irra-
diated by the reactor include: reactor internals, the pressure vessel,
and nearby shielding walls. The characteristic feature of wastes from
decommissioning of these items is that they are tadioactive‘throughout.
Such wastes are called activation wastes in this report. In contrast,
all other radioactive components in a plant become radioactive through
surface contamination by radioactive gases or liquids. During decom-
missioning operations, some of these materials can be made nonradioac-—
tive by appropriate surface decontamination technologies.

Two types of wastes are expected from reactor decommissioning
operations: LLW and high-activity-activation wastes (HAAWs). High-
activity-activation wastes are greater than Class C LLW, but have not
been given an official category name by the NRC. The quantities and
activity of these wastes are shown in Table 9.5 for PWRs and in Table
9.6 for BWRs. High-activity-activation wastes have high levels of
radiocactivity and contain significant concentrations of long-lived
radionuclides such as 2%Nb and 5%Ni. Rules for disposal of HAAW have
not yet been written by the NRC. In practice, the characteristics are
similar to those of remote-handled transuranic (TRU) wastes. High-
activity-activation wastes contain ~90%Z of the radioactivity from reac-
tor decommissioning operations but are <1% of the waste volume. These
wastes consist primarily of reactor internals from near the reactor core
that have been irradiated by neutromns at high-flux levels for a long
period of time. They contain elements which, under neutron irradiation,
become long-lived radioactive isotopes.

The LIW from reactor decommissioning is further claésified as acti-
vation wastes, contaminated wastes, and radioactive wastes. Activation
wastes are reactor and building components near the reactor which were
irradiated by neutrons and are radioactive throughout. Low-level acti-
vation wastes have lower levels of radioactivity and elemental compo-

sitions that result in the production of fewer long-lived radioisotopes.
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Contaminated wastes are power plant components with surface
radioactivity that, for technical or economic reasons, cannot be fully
decontaminated. For example, a significant fraction of the contaminated
waste comes from the contaminated surface layers of concrete that are
removed during decommissioning.

The third type of LLW waste i1s the radioactive waste generated by
the decontamination of the equipment and operation of radwaste pro-
cessing equipment. For example, the special solutions used to clean
equipment are concentrated by evaporation and then solidified. Because
these decontamination fluids are designed to selectively remove
radionuclides from the plant, the radioactivity for these wastes per
unit volume is much higher than for other types of LIW.

To determine the detailed radionuclide compositions of the wastes
from reactor decommissioning, radioactive source terms are required.
Studies indicate that five source terms adequately describe most decom—
missioning wastes.l0~-14 Thege source terms are for: (1) stainless~
steel activation wastes, (2) carbon steel activafion wastes, (3)
biological shield activation wastes (reinforced concrete), (4) corrosion
product wastes, and (5) general radioactive contamination wastes. The
source terms shown in Tables 9.7 and 9.8 are for time of reactor shut-
down. _

A typical reactor pressure vessel is 10—30 cm thick, made of carbon
steel with a thin stainless-steel lining on the inside. Both components
are bombarded by neutrons and become activated waste. Biological shield
activation waste is from the reinforced concrete shield wall that
surrounds the pressure vessel and shields the rest of the facility from
gamma and neutron irradiation.

The other two source terms are for radioactive contamination away
from the reactor core. Corrosion product wastes contain radioisotopes
from two sources: leaky fuel elements and corrosion products that
travel with the water through the reactor core and are activated.
Corrosion products, such as those from stainless steel, have an
elemental composition that is different from activation wastes because
the mixtures of elements in materials such as stainless steel do not all

corrode at the same rate.
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General radioactive contamination wastes are similar to corrosion
product wastes, but they are located outside the primary reactor water
circulation system, where the water chemistry differs from that in the
primary water and different radioisotopes precipitate from the water
onto plant surfaces.

Using the information in Tables 9.5-9.8, the generic source terms
for decommissioning PWRs and BWRs were generated as shown in Figs. 9.1
and 9.2. These source terms include the radioactive composition at the
time the reactor was shutdown. Included within the source terms 1s the
important assumption that the reactor operated for 40 years at a 75%
capacity factor. Because of the long operating history that was
assdmed, short-lived isotopes that could cause equipment contamination
early in plant life have had sufficlent time to decay to very low
levels. Much of the contamination seen during reactor decommissioning

is from operations during the last few years of plant operation.
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